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SUBSTRATE BINDING AND ENERGY TRANSDUCTION IN A MULTIDRUG
RESISTANCE ABC TRANSPORTER DRRAB

by

SADIA J. RAHMAN

Under the Direction of Parjit Kaur, PhD

ABSTRACT
Multidrug resistance (MDR) is a serious problem for treatment of cancers and infectious
diseases. A leading cause of MDR is energy-dependent drug efflux by membrane transport
proteins. This work focuses on an ABC family drug transporter DrrAB found in soil bacterium
Streptomyces peucetius. This organism produces two widely used chemotherapeutic drugs,
doxorubicin and daunorubicin. Self-resistance in S. peucetius is conferred by DrrA and DrrB,
which together form a dedicated efflux pump for export of these drugs. DrrA hydrolyzes ATP,
and the energy is transduced via conformational changes to DrrB for drug export. Interestingly,
our laboratory recently showed that, in spite of its dedicated nature, DrrAB system can also
export other known MDR substrates. To understand the molecular basis of MDR in DrrAB and
determine its mechanism of function, it is critical to understand the range of substrates

recognized by DrrB and the energy transduction pathway in DrrAB. In this work, we used
fluorescence-based approaches to investigate substrate binding properties of DrrAB and to
analyze inter-subunit conformational changes between DrrA and DrrB. We show that DrrB
binds drugs with variable affinities and contains multiple drug binding sites. Nucleotide binding
analysis provided evidence of two asymmetric nucleotide binding sites in DrrA with strikingly
different affinities.

This study also provided clear evidence of long-range conformational

changes occurring between DrrA and DrrB and led to identification of conserved regions
involved in the transduction pathway, including Q-loop in the nucleotide binding domain (NBD)
of DrrA, CREEM motif in the C-terminal domain (CTD) of DrrA, and EAA-like motif in DrrB.
This work also describes identification of a novel conserved domain ‘GATE’ in the CTD of
DrrA. Critical mutations in GATE diminished ATP catalysis and overall transport function of
DrrAB. Therefore, although located outside of the NBD, GATE may also be involved in ATP
catalysis and bidirectional communication between DrrA and DrrB. These studies lay solid
groundwork for examining roles of various conserved regions of DrrAB in transduction of
conformational changes. Finally, the last part of this dissertation focuses on metagenomic
analysis of a soil DNA library with the goal to identify novel ABC transporters.

INDEX WORDS: ATP-binding cassette (ABC) transporter; multidrug resistance; intrinsic
tryptophan fluorescence; conformational changes; energy transduction; drug binding;
metagenomics

SUBSTRATE BINDING AND ENERGY TRANSDUCTION IN A MULTIDRUG
RESISTANCE ABC TRANSPORTER DRRAB

by

SADIA J. RAHMAN

A Dissertation Submitted in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy
in the College of Arts and Sciences
Georgia State University
2018

Copyright by
Sadia J. Rahman
2018

SUBSTRATE BINDING AND ENERGY TRANSDUCTION IN A MULTIDRUG
RESISTANCE ABC TRANSPORTER DRRAB

by

SADIA J. RAHMAN

Committee Chair:

Committee:

Parjit Kaur

Zehava Eichenbaum
Eric Gilbert

Electronic Version Approved:

Office of Graduate Studies
College of Arts and Sciences
Georgia State University
December 2018

iv

DEDICATION

TO MY FAMILY
without whom none of my successes would be possible

v

ACKNOWLEDGEMENTS

Earning a doctoral degree is one of my greatest achievements and most memorable
journey of my life and I am extremely appreciative of all those who have contributed to my
success. I could not have completed this journey without the support, nurture and inspiration
from my mentor, Dr. Parjit Kaur. I am immensely grateful that she put her faith in me and took
me under her wings when I was just a naïve Masters student, who knew little about scientific
research. Throughout the years she has been patient and understanding and never gave up on me
even when my experiments were not working. She has always provided the right amount of
push and encouragement I needed in guiding me to the completion of my dissertation. I have
always admired her hard work and dedication to every position that she held and will try to
adhere to her examples in the next phase of my life.
I would also like to extend my sincere gratitude to my committee members, Dr. Zehava
Eichenbaum, Dr. Eric Gilbert and Dr. Chung-Dar Lu for their guidance, encouragement and
invaluable advices. My journey was made easier because of the continuous assistance I have
received from Ms. LaTesha Warren, Ms. Tameka Hudson and the staff of the Core facility. This
work would not have been possible without the financial support of the Georgia State Graduate
Program Fellowship.
I want to also express my deepest appreciation to all of my lab members who have made
my journey more joyous and memorable. Special thanks to Dr. Wen Li and Dr. Han Zhang, who
were not only my friends, but also my teachers and role models in the lab. My days in the lab
were made more enjoyable by my lab members, Liz Peterson, Ken Brown, and Parth Patel.

vi

Also, special thanks to Chao Zhao, Nila Chatterjee, Fahmina Akhter, who have become my
friends and confidants in the lab.
I cannot put into words the love and appreciation I feel for my parents and my husband.
Without their unconditional love, support and encouragement I would not be who I am today.
My mom has always seen the potential in me and worked tirelessly to bring about the best in me.
She always believed in me even when I did not and never let me settle for anything less than the
best that I could be. My dad has always ensured that any path that I chose in life was good
enough. My parents have dedicated their lives to try to provide the best possible life for me. My
husband has been my biggest cheerleader for my small successes and a shoulder to cry on the
toughest days. He has always been a rocksteady pillar of support in my life and accepted me for
who I am. He has carried all of the burdens since our marriage, no matter how tough our lives
got, so that I may fulfill my dreams. He always assures me that my success is his success. I
would like express my gratitude to my parents-in-laws for their understanding, compromises and
help. Special thanks to all my friends and relatives, who have always showered me with love
and encouragement through this journey.
Above all, I owe it all to Almighty Allah for granting me the wisdom, health and strength
to complete this monumental part of my life and for making available all those who have made
this journey possible for me.

vii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ............................................................................................ V
LIST OF TABLES ........................................................................................................ XII
LIST OF FIGURES ..................................................................................................... XIII
1

GENERAL INTRODUCTION ................................................................................ 1
1.1

Multidrug Resistance and ABC Transporters.................................................. 1

1.2

The Structure of ABC Transporters ................................................................. 2

1.3

The Mechanism of ABC Exporters.................................................................... 2

1.4

The DrrAB System and Self-resistance in S. peucetius .................................... 4

1.5

Interaction Between DrrA and DrrB is Required for Stability and

Function…….................................................................................................................. 6
1.6

DrrAB is a Multidrug Transporter ................................................................... 7

1.7

Substrate Binding Properties of DrrAB ............................................................ 9

1.8

Transduction Pathway in DrrAB Includes Q-loop, CREEM, and EAA-like

Motifs……… ................................................................................................................ 11
1.9

Transduction Pathway in DrrAB May Also Include the GATE Motif ........ 13

1.10 Use of Metagenomic Approaches to Identify Novel ABC Transporters ...... 13
2

CHAPTER I: CONFORMATIONAL CHANGES IN A MULTIDRUG

RESISTANCE

ABC

TRANSPORTER

DRRAB:

FLUORESCENCE-BASED

APPROACHES TO STUDY SUBSTRATE BINDING .......................................................... 19
2.1

Introduction ....................................................................................................... 20

viii

2.2

Materials and Methods ..................................................................................... 24

2.2.1 Materials ........................................................................................................ 24
2.2.2 Bacterial Strains, Plasmids and Antibodies ................................................. 24
2.2.3 Site-Directed Mutagenesis of DrrAB ........................................................... 25
2.2.4 Media and Growth Conditions ..................................................................... 25
2.2.5 Preparation of Inside-Out Vesicles (IOVs) .................................................. 25
2.2.6 IAANS Labeling of DrrAB in IOVs ............................................................. 26
2.2.7 Co-Purification of DrrA and DrrB............................................................... 26
2.2.8 Western Blot Analysis ................................................................................... 27
2.2.9 In Vitro Dox Transport using IOVs ............................................................. 27
2.2.10 ATPase Activity of Purified DrrAB .............................................................. 27
2.2.11 Fluorescence Quenching Analysis ............................................................... 28
2.2.12 Binding of TNP-ATP to DrrAB .................................................................... 29
2.3

Results ................................................................................................................ 30

2.3.1 Conserved Motifs of DrrA and DrrB............................................................ 30
2.3.2 Binding of TNP-ATP to Purified DrrAB ..................................................... 31
2.3.3 Intrinsic Trp Fluorescence and Binding of Drugs and Nucleotides to
DrrAB. ....................................................................................................................... 33
2.3.4 Use

of

the

Extrinsic

Probe

IAANS

to

Analyze

Inter-domain

Conformational Changes in DrrAB......................................................................... 37

ix

3

2.4

Discussion ........................................................................................................... 40

2.5

Conclusion .......................................................................................................... 47

2.6

References .......................................................................................................... 47

CHAPTER II: CHARACTERIZATION OF A NOVEL DOMAIN ‘GATE’ IN

THE ABC PROTEIN DRRA AND ITS ROLE IN DRUG EFFLUX BY THE DRRAB
COMPLEX .................................................................................................................................. 70
3.1

Introduction ....................................................................................................... 71

3.2

Materials and Methods ..................................................................................... 72

3.2.1 Bacterial Strains, Plasmids, and Antibodies ................................................ 72
3.2.2 Media and Growth Conditions ..................................................................... 73
3.2.3 Site-directed Mutagenesis of DrrAB ............................................................ 73
3.2.4 Measurement of β-galactosidase Activity ..................................................... 73
3.2.5 Dox Resistance Assay.................................................................................... 73
3.2.6 Dox Efflux Assay .......................................................................................... 73
3.2.7 ATP Binding Assay ....................................................................................... 73
3.2.8 ATP Activity Assay ........................................................................................ 74
3.2.9 Modeling Analysis ......................................................................................... 74
3.3

Results and Discussions .................................................................................... 74

3.3.1 Identification of a Conserved Domain ‘GATE’ ........................................... 74

x

3.3.2 Highly Conserved Glycine G215 Found in GATE is Critical for DrrAB
Stability...................................................................................................................... 75
3.3.3 Role of GATE in DrrAB function ................................................................ 76
3.3.4 Structural analysis of GATE ........................................................................ 77
3.4
4

References .......................................................................................................... 81

CHAPTER III: METAGENOMIC APPROACHES TO IDENTIFY NOVEL

ORGANISMS FROM THE SOIL ENVIRONMENT IN A CLASSROOM SETTING ...... 90
4.1

Introduction ....................................................................................................... 91

4.2

Intended Audience and Prerequisite Student Knowledge ............................. 94

4.3

Learning Time / Objectives .............................................................................. 94

4.4

Materials and Methods ..................................................................................... 95

4.4.1 Materials and Student Instructions .............................................................. 95
4.4.2 Faculty Instructions ...................................................................................... 95
4.4.3 Suggestions for Determining Student Learning .......................................... 96
4.4.4 Sample Data .................................................................................................. 97
4.4.5 Safety Issues .................................................................................................. 98
4.5

Discussion ........................................................................................................... 98

4.5.1 Field Testing.................................................................................................. 98
4.5.2 Evidence of Student Learning ...................................................................... 98
4.5.3 Possible Modifications ................................................................................ 100

xi

4.6
5

References ........................................................................................................ 100

GENERAL CONCLUSION ................................................................................. 109

REFERENCES .............................................................................................................. 116
APPENDICES ............................................................................................................... 122
Appendix A: Sequence alignment for ABC transporter primer design ............... 122
Appendix B: ABC transporter gene primers .......................................................... 123
Appendix C: PCR amplification using ABC primers ............................................ 124
Appendix D: Bioinformatics analysis of ABC transporter genes from batches 1, 2,
3 using NCBI BLAST................................................................................................ 124
Appendix E: Universal Archaeal-specific 16S rRNA gene primers ..................... 125
Appendix F: Identification of 16S rRNA gene-containing clones from the soil
metagenomic library ................................................................................................. 125
Appendix G: Bioinformatics analysis of 16S rRNA gene from clones 61, 69, and 70
from batch 5 using Ribosomal Database Project (RDP) Classifier ...................... 126
Appendix H: A simple phylogenetic tree comparing 16S sequences amplified from
clone 61, 69, and 70 to 16S of organisms from the three genera suggested by RDP
classifier…… .............................................................................................................. 126

xii

LIST OF TABLES
Table 2.1: Summary of the kinetic parameters for binding of drugs and nucleotides to DrrAB .. 68
Table 2.2: Summary of the kinetic parameters for binding of ATP or Dox to purified DrrAB
using intrinsic Trp or extrinsic IAANS fluorescence quenching analysis ........................ 69
Table 4.1: Learning objectives and the corresponding methods of assessment for the semesterlong course ...................................................................................................................... 107

xiii

LIST OF FIGURES
Figure 1.1: Map of the Dox/Dnr gene cluster in S. peucetius ......................................................... 5
Figure 1.2: A proposed model for Dox export by DrrAB............................................................... 6
Figure 1.3: Schematic representation of conserved domains in DrrA and Drr ............................... 7
Figure 2.1: Characterization of DrrAB mutants ........................................................................... 56
Figure 2.2: Purification of DrrAB ................................................................................................. 58
Figure 2.3: TNP-ATP binding to DrrAB ...................................................................................... 59
Figure 2.4: Effect of drug binding on intrinsic Trp fluorescence and ATPase activity of DrrAB 61
Figure 2.5: Effect of nucleotide binding on intrinsic Trp fluorescence of DrrAB ....................... 63
Figure 2.6: Effect of sequential addition of ATP and drugs on Trp fluorescence of DrrAB........ 64
Figure 2.7: Use of cysteine-specific fluorescent probe IAANS to determine Dox or ATP binding
to DrrAB ........................................................................................................................... 65
Figure 2.8: Inter-domain conformational changes in DrrAB........................................................ 66
Figure 2.9: A proposed model for Dox efflux by the DrrAB transporter ..................................... 67
Figure 3.1: Amino Acid sequence alignment and tertiary structure of the GATE domain .......... 84
Figure 3.2: Functional analysis of GATE mutants ....................................................................... 86
Figure 3.3: Structural analysis of MalK ........................................................................................ 88
Figure 3.4: Modeling analysis of wild type DrrA and mutants .................................................... 89
Figure 4.1: Flow of Experiments in the Project and analysis of PCR-amplified DNA .............. 103
Figure 4.2: Learning gains evident from surveys given during the Summer Pilot Program ...... 104
Figure 4.3: Learning assessment from semester-long courses.................................................... 105
Figure 5.1: A proposed model for Dox efflux by the DrrAB transporter ................................... 115

1

1
1.1

GENERAL INTRODUCTION

Multidrug Resistance and ABC Transporters
Multidrug resistance has recently become an increasing public health concern for

treatment of infectious diseases and chemotherapy of cancer.

Thus the identification and

characterization of drug resistance mechanisms is important for prevention of MDR, which
results in resistance to a wide range of structurally and functionally unrelated drugs and
antibiotics [1]. MDR may involve multiple mechanisms, including enzymatic alteration of
drugs, modification of the drug targets, and altered membrane permeability to hinder influx or
increased efflux of drugs [1]. Of these, the most common mechanism is efflux of drugs by
membrane transporters.

Among the membrane transporters, export of drugs is commonly

attributed to efflux by ATP-binding cassette (ABC) proteins that are ubiquitous in all domains of
life and constitute one of the largest super-families of ATP-driven proteins [2]. In Escherichia
coli, ABC proteins comprise 5% of the total genome [3], and in humans 48 ABC proteins have
been identified thus far [2]. Some ABC proteins are involved in functions other than transport,
such as DNA repair and translation elongation [2].
ABC transporters are membrane proteins that mediate energy-dependent translocation of
diverse molecules across the cell membrane, including import of nutrients, export of waste, and
secretion of signaling molecules, lipids and oligopeptides, etc. [1]. Most ABC transporters are
dedicated pumps that recognize and transport highly specific substrates [4]. However, ABC
exporters involved in MDR can efflux a variety of unrelated drugs and thus are characterized as
multidrug transporters [1, 5]. ABC exporters are found in both eukaryotes and prokaryotes [2].
The ABC exporter P-glycoprotein (Pgp, ABC sub-family B member 1, ABCB1 or MDR1) found
in human cancer cells is one of the best-characterized eukaryotic multidrug transporters [1]. It is
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expressed normally in healthy cells to export foreign substances, but overexpressed in tumor
cells to evade a broad range of chemotherapeutic drugs, including doxorubicin (Dox) and
daunorubicin (Dnr) currently used for cancer treatment [1]. Well known prokaryotic ABC
transporters conferring MDR include MsbA from Escherichia coli, Sav1866 from
Staphylococcus aureus and DrrAB from Streptomyces peucetius. This study focuses on the
prototype multidrug transporter DrrAB. This system is functionally similar to Pgp; DrrAB
carries out Dox and Dnr export in the producer organism to confer self-resistance, while Pgp
exports these and other drugs to confer multidrug resistance in cancer cells. Recent studies of
Pgp, DrrAB, and other ABC transporters have provided important insights into the mechanism of
MDR [1, 2]. However, many questions still remain unanswered regarding their multispecific
nature of drug recognition and coupling of energy transduction to substrate translocation, which
is the focus of this study.
1.2

The Structure of ABC Transporters
The minimal functional unit of ABC transporters consists of four domains, two

cytoplasmic nucleotide binding domains (NBDs) and two transmembrane domains (TMDs) [1,
6]. These domains may be encoded as a large single polypeptide chain (as in the case for Pgp) or
as separate polypeptides that function together to compose a full transporter (as seen with
DrrAB) [1]. Substrate recognition and translocation occurs in the TMDs, and ATP binding and
hydrolysis is mediated by the NBDs [1]. Energy-dependent substrate translocation requires
bidirectional communication between the NBDs and the TMDs, which occurs via transduction of
conformational changes between the two domains [6]. Substrate binding in the TMDs triggers
ATP binding and hydrolysis in the NBDs, which subsequently provide the power-stroke
necessary for movement of the substrates through the TMDs [6].
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Each NBD monomer contains the highly conserved ABC motifs necessary for ATP
binding and hydrolysis, including Walker A, Walker B, ABC signature and Q-loop motifs [7].
The tertiary structure of each NBD depicts a L-shaped form with two subdomains (including a
core RecA-like subdomain that contains the Walker A motif and an α-helical subdomain
containing the ABC signature motif), which are connected by the flexible Q-loop motif [7]. Two
NBD monomers interact in a head-to-tail arrangement, in which the core subdomain from one
NBD interacts with the α-helical subdomain of the other NBD, to form two ATP binding pockets
[7]. Binding of ATP molecules leads to dimerization of the two NBD subunits [7]. The Walker
A and signature motifs mainly participate in ATP binding, while the Walker B motif mediates
ATP hydrolysis [7].
The TMDs can be highly variable in sequence, with some structural similarities, which
includes transmembrane α-helices connected by intracellular and extracellular loops [7].
Bidirectional communication between the NBDs and TMDs is known to occur mainly through
the interaction between the Q-loop motifs in the NBDs and coupling helices within the
intracellular loops of the TMDs [8]. Not much is known about substrate recognition in ABC
transporter proteins. Moreover, conserved substrate binding motifs have not been identified in a
MDR transporter. However, binding of drugs likely occurs in a large cavity formed by several
transmembrane helices, as seen for Pgp [5]. This cavity is mainly composed of hydrophobic and
aromatic residues and constitutes a common flexible substrate binding pocket with shared sites
for binding of different substrates via ‘substrate-induced fit’ mechanism [5]. Additionally, one
substrate may bind to one or more transport-active site(s) within the common drug binding
pocket [9].
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1.3

The Mechanism of ABC Exporters
The ‘alternating access model’ is a general mechanism proposed for ABC transporters,

where the TMDs alternate between an inward-facing and an outward-facing conformation,
allowing switching between substrate binding and substrate release functions [2]. During this
process, rotational rearrangements of the transmembrane helices expose different residues that
lead to switching between high-affinity and low-affinity binding, which directs movement of the
substrate along the translocation pathway [10, 11].

In the inward-facing ‘resting-state’

conformation (open to the cytosol), ABC exporters have high affinity for the substrates to allow
binding and in the outward-facing transport-competent conformation (open to the extracellular
environment), ABC exporters maintain low affinity for the substrates to trigger release [1]. It is
still an open debate how the NBDs participate in generating the alternating conformations of the
TMDs. Large conformational changes upon binding and/or hydrolysis of ATP occurring in the
NBD may provide the power stroke to drive conformational changes of the TMDs.
1.4

The DrrAB System and Self-resistance in S. peucetius
Streptomyces peucetius, a gram-positive spore-bearing soil bacterium, belongs to the

class Actinobacteria and family Streptomycetaceae. Bacteria belonging to this genus are known
to produce most of the antibiotics currently used in chemotherapy. S. peucetius produces two
clinically important antibiotics, Dox and Dnr, as secondary metabolites in response to
environmental factors, and it contains mechanisms for self-resistance to these drugs [12, 13].
The biosysnthesis gene cluster for Dox and Dnr also contains regulation and resistance genes
(Fig. 1.1), including resistance genes drrA and drrB [14]. DrrAB genes are only expressed
during the production of Dox and Dnr [12]. Expression of these two genes in Streptomyces
lividans or E. coli confers resistance on the Dox-sensitive host [12, 15].
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Figure 1.1: Map of the Dox/Dnr gene cluster in S. peucetius.
The cluster contains genes involved in biosynthesis of Dox and Dnr as well as regulation genes
and genes which confer self-resistance on the producer.

DrrA and DrrB together form a tetrameric complex consisting of two subunits of DrrA
and two subunits of DrrB (Fig. 1.2) [16]. The DrrA2B2 complex forms a dedicated exporter of
Dox and Dnr and denotes the simplest form of an ABC transporter with each domain expressed
as a separate polypeptide. The peripheral membrane protein DrrA contains the conserved NBD
required for energizing transport [15] and the integral membrane protein DrrB forms the TMD
with eight transmembrane helices to carry out substrate translocation [17]. As characteristic of
ABC proteins, the NBDs from two DrrA subunits interact in a head-to-tail configuration during
ATP-mediated dimerization [18]. ATP binding to DrrA was previously shown by binding of [α32

P]ATP in cell lysates and in inside-out membrane vesicles (IOVs) containing DrrAB [15, 19,

20]. Additionally, DrrAB can also carry out ATP-dependent Dox efflux in vivo and in vitro [19,
21].
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Figure 1.2: A proposed model for Dox export by DrrAB.
DrrAB is shown as a tetrameric complex DrrA2B2 with two molecules each of DrrA and DrrB.
DrrA is the catalytic subunit containing two subdomains, represented as NBD and CTD. DrrB is
the drug binding and transport subunit, represented as TMD. In the resting state, DrrB is in the
inward-facing conformation, and the NBDs of DrrA are separated into monomers. Dox binding
to DrrB triggers the transport cycle, which is powered by ATP binding and NBD dimerization in
DrrA.

NBD, nucleotide binding domain; CTD, C-terminal domain; TMD, transmembrane

domain; Dox, doxorubicin.
1.5

Interaction Between DrrA and DrrB is Required for Stability and Function
Although on separate subunits, previous studies have shown that DrrA and DrrB are co-

dependent on each other for stability and function [16, 22]. In the absence of DrrA, DrrB is
misfolded and degraded by FtsH [16, 23], and in the absence of DrrB, DrrA is unable to bind
ATP [16]. DrrB expression is stabilized when co-expressed with DrrA both in cis or in trans
[16]. However, DrrAB-mediated Dox resistance is conferred only when proteins are expressed
in cis in a translationally coupled manner [22]. Direct interaction between DrrA and DrrB was
previously observed through cross-linking analysis [18, 19, 24].
The N-terminal domain of DrrA contains the conserved ABC motifs necessary for ATP
catalysis, including A-loop, Walker A, Walker B, and Q-loop motifs (Fig. 1.3A). Recently,
novel functional motifs have been identified in the C-terminal domain of DrrA, which include
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GATE, DEF, and CREEM motifs (Fig. 1.3A) [19, 20]. The only conserved motif found in DrrB
is the EAA-like motif present in the cytoplasmic N-terminal tail of DrrB (Fig. 1.3B), which
shows sequence similarity to EAA motif found in the intracellular coupling helices of ABC
importers [24]. Previous cross-linking analysis showed that the EAA-like motif in DrrB interacts
with both the Q-loop motif in the NBD and the CREEM motif in the CTD of DrrA [18, 19].

Figure 1.3: Schematic representation of conserved domains in (A) DrrA and (B) DrrB, with
numbers indicating the location of specific amino acid residues.

Although both the Q-loop in the NBD and the CREEM in the CTD of DrrA show
interaction with EAA-like motif in DrrB, these two motifs also participate in homodimerization
of DrrA [18, 19]. Interestingly, the conformation of the homodimers of NBD mediated by Qloop differs from CREEM-mediated homodimers of the CTD of DrrA, as evidenced by different
mobility of the cross-linking species formed by Y89C-Y89C (NBD-NBD) and S319-S319C
(CTD-CTD) dimers [19]. Cross-linking analysis showed that the presence of Y89C in Q-loop
traps DrrA in the Y89C-Y89C dimeric state, which is believed to represent the closed
conformation of the NBD [18]. Interestingly, simultaneous presence of S23C in EAA-like motif
of DrrB affects Y89C (NBD) and S319C (CTD) differently. For example, Y89C and S23C
together still result in a major Y89C-Y89C (NBD-NBD) species and a minor Y89C-S23C
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[DrrA(NBD)-DrrB] species [18]. On the other hand, S319C and S23C together result in a major
S319C-S23C [DrrA(CTD)-DrrB] species and a minor S319C-S319C (CTD-CTD) dimeric
species. We believe that this conformation represents the resting state of the complex [19].
Based on these data, it has been proposed that in the resting state of the DrrAB complex, the
EAA-like motif is in contact with the CREEM motif. During Dox transport, however, the EAAlike motif disengages from the CREEM motif and forms a contact with the Q-loop in the NBD
[19]. Thus, DrrA and DrrB may participate in bidirectional communication through these two
points of interaction.

However, signal transduction via these conserved motifs has not

previously been explored. One of the goals of this work is to elucidate the role of these motifs in
transmission of conformational changes between the NBD and the TMD.
1.6

DrrAB is a Multidrug Transporter
Due to the dedicated nature of this transporter in the producer organism, the DrrAB pump

was thought to be a single-drug transporter, specific only for Dox/Dnr. Recent studies have
revealed a broader substrate specificity of this pump [21, 25]. DrrAB-mediated resistance to
Dox, Hoechst 33342 (H33342), eithidium bromide (EB) and verapamil was shown in sensitive E.
coli host [25]. Direct transport of Dox, H33342 and EB by DrrAB has also been demonstrated in
vivo and in vitro [21]. Other potential substrates of DrrAB, including vinblastine, rifampicin,
colchicine, and quinidine, were identified through inhibition of Dox efflux analysis [21].
Interestingly, substrate specificity of DrrAB was found to overlap with Pgp and other bacterial
transporters [1].
Kinetic analysis of drug efflux previously indicated one or more potential drug binding
sites in DrrB [21]. Two binding sites were proposed for Dox and H33342 and one binding site
for EB [21]. Moreover, non-competitive inhibition of Dox transport by verapamil suggested that
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verapamil may bind to a site independent of the Dox binding sites [21]. This suggests that the
drug binding pocket in DrrB is able to accommodate two or more drugs simultaneously. Recent
mutagenesis analysis of DrrB showed that aromatic and negatively-charged residues contributed
by multiple transmembrane helices may be involved in forming a common drug binding pocket
in this pump [25]. Some of these residues are specific for binding a particular drug, while other
residues are shared between multiple drugs [25]. These residues are located in different helices
of DrrB, including transmembrane helices 1, 3, 4 and 7 [25]. In summary, several helices
constitute the common drug binding pocket of the DrrAB complex [25], as seen for Pgp [5].
These studies have provided important insights into the drug-binding domain of DrrAB.
However, direct binding of drugs and their binding affinities were not previously determined,
and the full range of substrates recognized by this system also remains unknown. Thus, our
knowledge of the architecture of the binding cavity (including number and types of binding
sites), the extent of flexible drug recognition, and evolutionary conservation of the induced-fit
mechanism is incomplete. Since drug efflux and binding are different facets of an MDR protein,
in this study we used a complimentary approach for studying substrate binding to develop a
complete understanding of this transporter.
1.7

Substrate Binding Properties of DrrAB
Previous studies provided a working model of the common drug-binding pocket of DrrB

[25]. The work in this dissertation further elucidates different facets of substrate recognition and
translocation by the DrrAB exporter. This information is critical to understand the nature of the
drug-binding cavity of DrrB. In Chapter I, fluorescence-based approaches, including intrinsic
tryptophan (Trp) fluorescence and an extrinsic cysteine-based fluorescent probe, were used to
develop an avenue for studying substrate binding and determining binding affinities. These
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approaches allowed us to build on our previous knowledge of drug recognition by DrrAB as well
as to develop strategies to specifically address the question of drug and nucleotide-induced
conformational changes in the DrrAB system.
We analyzed direct binding of ten different drugs to the purified DrrAB complex. Of
these, seven drugs showed specific, high-affinity saturable binding to DrrAB, which include
Dox, H33342, EB, verapamil, vinblastine, rifampicin and rhodamine B (Rho B).

Binding

analysis showed that these drugs bind with varying affinities, and some of these drugs may bind
to multiple sites in the drug binding pocket. Two binding affinities (a high affinity and a low
affinity) were determined for Dox, H33342, vinblastine, rifampicin and Rho B, indicating
multiple binding sites for these drugs. The high affinity binding site is likely the primary site for
binding and the low affinity site may be the secondary drug binding site. EB and verapamil, on
the other hand, exhibited only one binding affinity, suggesting that these drugs bind to a single
site in the common pocket. Binding kinetics of Dox, H33342 and EB are consistent with the
efflux kinetics determined previously [21]. Moreover, the binding affinities of DrrAB are in the
same range as drug binding affinities of mammalian Pgp and bacterial MsbA reported previously
[26-30]. Taken together, the approaches used in this study also allowed discrimination between
specific and nonspecific binding of drugs as well as identification of independent non-interacting
drug binding sites.
These approaches also allowed determination of nucleotide binding affinities, which was
not possible before. The data shown in Chapter I indicate that ATP binds to the two nucleotide
binding sites with remarkably different binding affinities; site 1 (Kd1 = 33 µM) shows 70-fold
higher affinity for ATP compared to site 2 (Kd2 = 2.0 mM). Interestingly, binding of nucleotides
to site 2 may play a more important role, as indicated by A-loop and Walker A mutants, which
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exhibited similar affinity for site 1, but significantly lower ATP binding affinity for site 2, as
compared to wild type. Moreover, DrrAB showed a higher binding affinity for GTP at both sites
as compared to ATP, which is consistent with higher Dox efflux efficiency by DrrAB in the
presence of GTP observed previously [21]. This suggests that at least in vitro DrrAB has a
preference for GTP as the energy source over ATP.
1.8

Transduction Pathway in DrrAB Includes Q-loop, CREEM, and EAA-like Motifs
Previous cross-linking analyses have provided insights into the interactions between

DrrA and DrrB. However, the substrate-specific conformational changes between DrrA and
DrrB have not been explored. In chapter I, inter-subunit communication between DrrA and DrrB
was investigated using intrinsic Trp fluorescence as well as a targeted cysteine-specific probe
located in different regions of DrrA and DrrB. Sequential binding of nucleotide and drugs, using
intrinsic Trp fluorescence quenching, was studied to determine how binding of a ligand to one
domain affects the binding of a second ligand to the other domain.

Dual titrations with

nucleotide and drugs resulted in an additive effect on conformational changes. Interestingly,
binding affinities for both Dox and vinblastine were reduced by 2-fold or more when DrrAB was
pre-bound with ATP. However, prior binding of either drug resulted in no significant change in
the binding affinity for ATP. This provided the first evidence of inter-domain communication
and suggested that conformational changes in DrrA produced by ATP binding were transduced
to DrrB, which led to conformational changes in the drug binding pocket resulting in reduction
of drug binding affinity.
To further examine long-range conformational changes, a cysteine-specific fluorescent
probe IAANS was labeled to specific regions of DrrAB. Based on previous known interactions,
IAANS was bound to a single cysteine in either Y89C in Q-loop, S319C in CREEM or S23C in
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EAA-like motif. As expected, Y89C-IAANS (in the NBD of DrrA) showed ATP binding
affinities comparable to those determined by intrinsic Trp fluorescence quenching. Comparable
affinities were also produced for Dox binding determined by S23C-IAANS (in DrrB) and DrrAB
Trp fluorescence analysis. These assays provided validity of each approach for analysis of
substrate binding to the DrrAB system. To explore cross-talk between the two subunits and to
understand conformational changes in specific domains, Dox-induced conformational changes in
the Q-loop and CREEM motifs in DrrA or ATP-induced conformational changes in the EAAlike motif in DrrB were investigated. Dox produced saturable fluorescence quenching in both
Y89C-IAANS (Q-loop motif) and S319C-IAANS (CREEM motif), which was similar to the
fluorescence quenching seen in S23C-IAANS (EAA-like motif).

This suggests that

conformational changes occurring in DrrB upon drug binding are completely transduced to
DrrA. Interestingly, however, ATP-induced conformational changes occurred to a different
extent in these three regions of DrrAB. Using Y89C-IAANS (NBD of DrrA), ATP-induced
fluorescence quenching analysis resulted in two Kds, a high affinity Kd and a low affinity Kd, as
seen with Trp fluorescence analysis. By contrast, S319C-IAANS (CTD of DrrA) and S23CIAANS (DrrB) resulted in only a single Kd, which is similar to the high-affinity Kd seen with
Y89C-IAANS, indicating that the CREEM and EAA-like motifs are indeed in contact, as shown
previously [19].

In summary, these findings provided evidence that substrate-induced

conformational changes can be reported from the opposite domain. These data suggest that Dox
binding to DrrB produces measurable changes in DrrA, and ATP binding to DrrA results in
changes in DrrB, together providing evidence of bi-directional communication and transduction
pathway between DrrA and DrrB.
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1.9

Transduction Pathway in DrrAB May Also Include the GATE Motif
The Glycine-loop And Transducer Element (GATE) (described in Chapter II) is a novel

motif found in the CTD of DrrA, which is conserved among close homologs of DrrA and diverse
ABC proteins, including Pgp, MalK, MsbA and Sav1866. Although this motif is not part of the
canonical NBD, we showed that the GATE motif directly or indirectly participates in both ATP
binding and hydrolysis. GATE contains three highly conserved glycine residues which form a
glycine-loop as seen by structural modeling. Of these three glycines, mutations in G215 residue
were found to be detrimental to stability of the DrrAB system. Structural analysis indicated that
G215 forms hydrogen bonds with the glycine residues in Walker A motif known to be involved
in ATP binding. Thus, we propose that the G215 residue located in the glycine-loop of GATE
may play a part in forming the ATP binding pocket. Moreover, GATE motif may also be
involved in ATP hydrolysis, as indicated by a mutation in the conserved K227 residue.
Although, the K227R mutant showed wild type-like DrrA and DrrB expression and normal ATP
binding, ATPase activity was drastically reduced. Structural modeling of K227R mutant showed
that this mutation prevents an essential hydrogen bond between the switch motif and the γphosphate of ATP required for hydrolysis, and thus GATE motif may play an indirect role in
ATP hydrolysis via the Switch motif. Surprisingly, mutations in residues L205 and L226 of
GATE significantly reduced ATP hydrolysis, but showed an increase in Dox efflux activity by
more than 2-fold. This may suggest that L205V and L226V mutations are more efficient in
energy transduction between DrrA and DrrB, which leads to increased transport function. Crosslinking analysis, however, showed no direct interaction between GATE motif and EAA-like
motif in DrrB (unpublished data). The mechanism by which GATE may play a role in the
transduction pathway is currently not known. In summary, this novel motif, which lies outside
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of the NBD in DrrA, may in fact be involved in ATP catalysis as well as participate in two-way
signal transduction cascade between DrrA and DrrB.
1.10 Use of Metagenomic Approaches to Identify Novel ABC Transporters
Antibiotic and drug resistance genes found in clinical settings are thought to have their
origins in environmental bacteria, such as self-resistance genes found in Streptomyces species
[4]. Thus, soil bacteria may contain many novel ABC multidrug transporter genes. The third
chapter of this dissertation focuses on developing approaches for identification of such genes
from the soil environment. Identification and characterization of these novel genes can provide
additional insights into the mechanism of MDR. However, due to our limited ability to cultivate
microorganisms from an environmental niche in a laboratory setting, less than 1% of the
microorganisms on this planet have been identified [31, 32]. In recent years, metagenomic
approaches have provided valuable tools to study microorganisms and their complex niches
without the bias of pure-culture techniques, such as limitations of growth media [31, 33].
Metagenomics refers to culture-independent analysis of a community of organisms by isolation
and study of the community DNA, instead of individual organisms [31, 33]. This facilitates a
better understanding of microbial diversity compared to pure-culture methods as well as
identification of novel organisms, genes, and/or gene products.
The community DNA is generally subcloned into bacterial expression vectors resulting in
large metagenomic libraries, which can then be screened either by analyzing specific sequences
or by functional analysis [34]. Identification of multidrug resistant ABC transporters genes can
be screened by analyzing the conserved sequences of the NBD (sequence-based analysis) or can
be screened for resistance to various MDR substrates (function-based analysis). We conducted
both sequence-based and functional metagenomic analysis of a soil DNA library created by Dr.
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Trevor Charles and colleagues (University of Waterloo, Canada) as part of a collaborative
project to understand microbial diversity and to identify novel transporter genes [35]. Functional
study of MDR genes carried out in our laboratory involved screening for clones containing
metagenomic fragments which conferred resistance on sensitive E. coli host to various
antibiotics, including chloramphenicol, polymycin B, and nalidixic acid. Several clones were
isolated at chloramphenicol concentration of 20 µg/ml and the metagenomic DNA fragments
from these clones were sequenced. Interestingly, one predicted open reading frame within these
sequences showed 99% maximum identity to a MDR protein MdfA from Serratia marcescens
(unpublished data from this laboratory), validating the function of this approach for identification
of novel genes in the future.
The work presented in Chapter III involves sequence-based analysis of the soil
metagenomic library. To identify ABC transporters involved in MDR, primers with degenerate
sequences were designed based on the conserved regions, including Walker A, Walker B, and
the GATE motif (Appendix A), of ABC proteins, such as drrA (S. peucetius), drrA-MTB
(Mycobacterium tuberculosis), malK (E. coli), modC (Klebsiella pneumonia).

PCR

amplification of the library was carried out using a combination of these primers. The ABC
primer sequences and the PCR amplification conditions are provided in Appendix B. As positive
controls, drrA gene from S. peucetius and drrA-MTB gene from M. tuberculosis were amplified,
which resulted in the expected 514 bp fragment using the up primer and the down 2 primer
(Appendix C, panel A, lanes 2 and 4), but no PCR amplification was observed in reactions with
the down 1 primer (lanes 1 and 3). Next, a pool of 150 clones (containing 50 clones in each
batch) from the metagenomic library were analyzed by PCR amplification using the up primer
and the down 2 primer, which resulted in the expected 514 bp fragment in all three batches as
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well as several PCR products with larger fragment sizes (Appendix C, panel B). Four PCR
products were purified from the gel (marked with astrices), sequenced, and compared to the
BLAST nucleotide database.

BLAST sequence analysis showed that these metagenomic

sequences matched predominately to E. coli maltose gene malK, Salmonella enterica subsp.
enterica serovar genome, and Shigella flexneri genome with very high homology (maximum
identify of 85-98%) (Appendix D). Interestingly, the sequences also showed high homology to
Cucumis sativus MalK-like mRNA gene and hypothetical mRNA gene from Casuarina
equisetifolia. Although this approach identified only one previously known bacterial ABC
transporter gene (E. coli malK), it showed that it is possible to amplify transporter genes using
this approach. In the future, better primer design using the NBD sequences or use of TMD
sequence for amplification of transporter genes will be carried out.
We also explored another sequence-based approach using 16S rRNA gene as a screening
probe. This approach was based on a previous report in literature, where 16S rRNA gene
sequence was used as an anchor to discover novel bacterial genes. In this study, clones
containing a novel 16S sequence were found to contain additional sequences representing a
novel bacteriorohodopsin gene of marine bacterioplankton previously only identified in
halophilic archaea [36]. Using similar approaches, we first optimized screening of our library for
clones containing 16S rRNA sequences using previously published universal prokaryotic 16S
rRNA gene primers (Appendix E) [37, 38]. In a pool of 500 clones, three clones (batches 61, 69,
70) were isolated containing 16S gene fragments (Appendix F). Bioinformatics analysis of these
genetic sequences using Ribosomal Database Project (RDP) predicted that they belong to three
different archaeal genera, albeit with low confidence, which may suggest that these sequences
represent either novel species or even novel genera of archaea (Appendix G). Analysis of these
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sequences using BLAST 16S rRNA sequences database identified no homologs for clones 61
and 70, further indicating that they are novel sequences. A preliminary phylogenetic tree of the
three metagenomic 16S rRNA gene sequences was developed using the tree construction feature
of ClustalW. Contrary to RDP prediction that the three metagenomic sequences may belong to
different genera, the cladogram shown in Appendix H revealed that these sequences are
evolutionarily close to each other and together form a distinct branch. Since this branch is
derived from the same node as the branch containing three uncultured Thermocladium species, it
suggests that the three metagenomics sequences may represent novel species of the genus
Thermocladium. Full sequence analysis of these and additional isolated clones in the future is
expected to provide insights into microbial diversity and reveal other novel gene sequences
present on these metagenomic fragments. In summary, this analysis provided proof-of-concept
that novel species and genes can be identified using this approach.
Finally, the optimized 16S rRNA sequence-based metagenomic analysis provided an
excellent avenue for hands-on involvement of undergraduate students in a research project.
Indeed this led to the development of a research-based undergraduate course titled Molecular
Microbial Metagenomics (M3), following the success of an initial undergraduate summer pilot
program. The M3 course has been offered three times in 2015, 2016, and 2017 at Georgia State
University (GSU). The learning objectives and the corresponding methods of assessment for the
semester-long course are available in Chapter III. One of the goals for undergraduate research
experience was to encourage hands-on active learning and spark an interest in research-based
graduate program or another scientific career. Majority of the undergraduate students had no
prior experience or understanding of what a research project involved and were mainly interested
in medical school, dental school, or nursing school. To our knowledge, 11 out of the total 27
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students from the three sections have joined or are currently in a research lab, which includes
four students who joined our lab.

One student presented her findings at the 20th Annual

California Scholars Symposium at the University of California, Berkeley and three other students
presented in the Undergraduate STEM Conference at GSU.

Additionally, one of the four

students from the M3 course joined the Masters program in our lab and finished his degree with a
first author publication in 2017. Although this course was targeted to undergraduate students, it
was opened to Masters Degree students to include members of the GSU Bio Bus Program. The
Bio Bus Program later adopted this Metagenomics course into a teaching module for High
School students as an introduction to microbes, molecular techniques, and scientific research.
The Metagenomics course is now widely available as a published module (Chapter III) and can
be used as an undergraduate research-based lab course to educate students about microbiology,
molecular techniques, and bioinformatics [39].
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2

CHAPTER I: CONFORMATIONAL CHANGES IN A MULTIDRUG

RESISTANCE ABC TRANSPORTER DRRAB: FLUORESCENCE-BASED
APPROACHES TO STUDY SUBSTRATE BINDING

Bacterial multidrug transporter DrrAB exhibits overlapping substrate specificity with
mammalian P-glycoprotein. DrrA hydrolyzes ATP, and the energy is transduced to carrier DrrB
resulting in export of drugs. Previous studies suggested that DrrB contains a large and flexible
drug-binding pocket made of aromatic residues contributed by several transmembrane helices
with different drugs binding to both specific and shared residues in this pocket. However, direct
binding of drugs to DrrAB or the mechanism of substrate-induced conformational changes
between DrrA and DrrB has so far not been investigated. We used two fluorescence-based
approaches to determine substrate binding to purified DrrAB. Our analysis shows that DrrB
binds drugs with variable affinities and contains multiple drug binding sites. This work also
provides evidence for two asymmetric nucleotide binding sites in DrrA with strikingly different
binding affinities. Using targeted fluorescence labeling, we provide clear evidence of long-range
conformational changes occurring between DrrA and DrrB. It is proposed that the transduction
pathway from the nucleotide-binding DrrA subunit to the substrate binding DrrB subunit
includes Q-loop and CREEM motifs in DrrA and EAA-like motif in DrrB. This study lays a
solid groundwork for examining roles of various conserved regions of DrrA and DrrB in
transduction of conformational changes.
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2.1

Introduction
Multidrug resistance (MDR) has emerged as a serious problem in recent years for the

treatment of infectious diseases and chemotherapy of cancers. Drug resistance commonly results
from the action of membrane proteins that carry out energy-dependent efflux of drugs and
antibiotics from the inside of the cell to the outside [1]. Most drug transporters function as
single-drug efflux systems [2].

However, multidrug resistance is typically conferred by

specialized membrane proteins, which exhibit promiscuity in their ability to bind structurally
unrelated molecules that are mostly hydrophobic and amphipathic in nature [1, 3]. It has been
proposed that, because of their hydrophobic nature, the substrates of MDR pumps can easily
partition into the cell membrane from where they are picked up by the MDR proteins and
exported to the outside by a ‘hydrophobic vacuum cleaner’ mechanism [4]. Support for such a
mechanism has steadily grown in the last few years [3, 5].
So far the best-understood example of an MDR protein is the mammalian ABC (ATPbinding cassette) protein known as P-glycoprotein (Pgp), which can recognize hundreds of
compounds and is considered to be the major cause for failure of chemotherapy in human cancer
cells [1].

The 3-dimensional structure of Pgp recently provided an explanation for its

promiscuous nature [6]. It was shown that Pgp contains a rather large and flexible drug-binding
chamber lined by aromatic and hydrophobic residues, which can accommodate multiple drugs
via interactions with specific and shared residues in different pockets of the binding cavity [3, 6].
Binding of drugs to residues in this pocket occurs in a flexible manner, and different drugs can
create their own binding site in this large cavity by the proposed ‘substrate-induced fit’
mechanism [7-9].

Despite extensive biochemical and structural analysis of Pgp, however,

knowledge of other MDR proteins, especially bacterial systems, has lagged behind significantly.
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Thus a comprehensive understanding of the phenomenon of multidrug resistance still largely
defies our understanding, and our knowledge of the architecture of the binding cavity (including
number and types of binding sites), the extent of flexible drug recognition, and evolutionary
conservation of the ‘induced-fit’ mechanism in different MDR systems is extremely limited.
Moreover, there are other critical questions about the function of MDR proteins that remain
unanswered. Specifically, it is not understood how substrate-induced conformational changes,
leading to export of drugs, are transduced between domains of MDR proteins.
Obtaining answers to the questions outlined above undoubtedly presents significant
challenges. Nevertheless, they can be more easily addressed in simple prototype MDR systems
found in some bacteria [2, 10]. We have previously described one such system, DrrAB, which
forms a dedicated ABC transporter for two anticancer antibiotics, doxorubicin (Dox) and
daunorubicin (Dnr), in the producer soil organism Streptomyces peucetius [11]. Interestingly, we
found that despite the dedicated nature of this transporter, it functions as a multidrug transporter
[12]. Recently, we have made significant strides in understanding the basis of polyspecificity in
this system [13].

We reported that an aromatic residue-based mechanism, conserved over

domains and large evolutionary distances, may be responsible for flexible drug recognition in
DrrAB [13]. Overall, these studies provided important insights and resulted in a working model
for the common drug-binding pocket of DrrB [13]. However, direct binding of drugs and their
affinities for the DrrB protein have so far not been determined, and the full range of drug
substrates recognized by this system also remains unknown. This information is critical for
further illumination of the nature of the drug-binding cavity of DrrB, which is one of the main
objectives of this study.

22

ABC transport systems typically consist of four domains, including two nucleotide
binding domains (NBDs) and two transmembrane domains (TMDs) present on a single
polypeptide chain (for example, Pgp) or on separate subunits [1]. Substrate recognition and
translocation occurs in the TMDs, which is powered by ATP binding and hydrolysis occurring in
the cytoplasmic NBDs. Therefore, the substrate-induced conformational changes are transmitted
from the TMD to the NBD, and vice versa, which finally result in switching of the TMDs
between two alternating conformations, as described by the generally accepted ‘alternating
access model’. Available crystal structures of several ABC proteins provide support for this
model [6, 14, 15], however the molecular mechanisms by which conformational changes are
transduced between the NBD and the TMD are difficult to understand, especially in proteins like
Pgp where all four domains are present in the same polypeptide [3]. The architecture of the
DrrAB transporter is, however, different in that the NBD and the TMD are present on separate
subunits. In this system, the cytosolic protein DrrA functions as the catalytic subunit, whereas
DrrB, an integral membrane protein, serves as the conduit to carry out ATP-dependent efflux of
Dox and Dnr [11, 16]. Two subunits each of DrrA and DrrB assemble into a tetrameric complex
to form the functional DrrA2B2 complex [17]. Therefore, this system represents the simplest
form of a multidrug transporter of the ABC superfamily making it an excellent model for
understanding the basis of multidrug recognition and for elucidating the mechanism of transport
in ABC proteins at the molecular level.
Although present on separate subunits, DrrA and DrrB proteins are biochemically
coupled, and their stability and function are dependent on each other [17]. The N-terminal 198
amino acid region of DrrA contains the NBD with all of the previously known highly conserved
ABC motifs, including A-loop, Walker A, Walker B, signature, and Q-loop [18]. As shown in
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other ABC proteins, the Q-loop plays a crucial role in head-to-tail dimerization of the two NBDs
and in interaction with DrrB [18-20]. The conserved EAA-like motif present in the N-terminal
cytoplasmic tail of DrrB is the major site of interaction between the NBD of DrrA and DrrB [21].
Recent studies from this laboratory showed that the C-terminal domain (CTD) of DrrA also
forms an independent subdomain, and it contains the conserved GATE, DEF, and CREEM
motifs [22, 23]. Disulfide cross-linking analysis, interestingly, showed that the CREEM motif
located in the extreme CTD of DrrA also forms an interface with the EAA-like motif in DrrB.
Based on these data, it has been proposed that in the resting state of the DrrAB complex, the
EAA-like motif is in contact with the CREEM motif. During Dox transport, however, the EAAlike motif disengages from the CREEM motif and forms a contact with the Q-loop in the NBD
[22].

An important goal of the present study is to elucidate the role of these motifs in

transmission of conformational changes between the NBD and the TMD.
In this study, we used fluorescence-based approaches to build on our previous knowledge
of drug recognition by DrrAB and to develop strategies to specifically address the question of
drug and nucleotide-induced conformational changes in this ABC multidrug transporter. These
approaches included intrinsic tryptophan (Trp) fluorescence and an extrinsic cysteine-based
fluorescent probe, which were previously used to gain insights into the function of other ABC
proteins [24-26]. Both intrinsic and extrinsic fluorescent probes are highly sensitive reporters of
the environmental changes surrounding the probe [26]. Intrinsic Trp fluorescence approach also
offers the advantage of analyzing unmodified proteins, while IAANS allows targeting of specific
regions within the protein to determine localized conformational changes resulting from binding
of drugs or nucleotides [26]. Application of these approaches demonstrated specific, highaffinity binding of multiple drugs and nucleotides to DrrAB. A wide range of binding affinities
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as well as multiple binding sites for some drugs were observed. Analysis of nucleotide binding
revealed the asymmetric nature of the two nucleotide binding sites in DrrA, with remarkably
different binding affinities for each site. This study also provided clear evidence of substrateinduced conformational changes between DrrA and DrrB and provided further insights in
support of the model proposed previously [22].

The significance of these findings in the

translocation mechanism of DrrAB is discussed, and an updated model based on these findings is
presented.
2.2
2.2.1

Materials and Methods
Materials
All drugs, non-fluorescent nucleotides, antibiotics and other chemicals were purchased

from Sigma-Aldrich. Protease inhibitor cocktail, creatine kinase, and creatine phosphate were
obtained from Roche Diagnostics. TNP-ATP was purchased from Invitrogen, and IAANS was
obtained from Molecular Probes. Zebra Spin Desalting Columns and His-Pur Ni2+-NTA Resin
were obtained from Thermo-Scientific.
2.2.2

Bacterial Strains, Plasmids and Antibodies
The bacterial E. coli strains used in this study included LE392∆uncIC [27] and

HMS174(∆DE3) [28].

Plasmids pDX101 and pDX121, used in this study, were created

previously [11, 18]. pDX101-based plasmids were used for expression of untagged DrrAB,
whereas pDX121-based clones yielded his6-tagged DrrAB. Rabbit polyclonal antibodies against
DrrA and DrrB were used for Western Blot analysis [11]. Anti-DrrB1 (affinity for N-terminal
DrrB) was used at a titer of 1:1000 for his6-tagged DrrAB (pDX121), and Anti-DrrB2 (affinity
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for C-terminal DrrB) at 1:1500 was used for untagged DrrAB (pDX101). Anti-DrrA antibody
was used at a titer of 1:750.
2.2.3

Site-Directed Mutagenesis of DrrAB
A-loop mutant Y18A and Walker A mutant K47M, used in this study, were created using

pDX121 as a template. Point mutation were created by Stratagene (La Jolla,CA) QuikChange
multi-site-directed mutagenesis kit using complimentary primers that incorporate the mutations
at the correct position as described previously. All other mutants, used in this study, were
created previously [12, 18, 22].
2.2.4

Media and Growth Conditions
E. coli cells were grown in 1L LB medium to mid-log phase at 37°C and the expression

of DrrAB was induced with 0.25 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG). Induced
LE392∆uncIC cells containing pDX101-derived clones were grown at 37°C for an additional 3
h. Growth of induced HMS174(∆DE3) cells containing pDX121-derived clones continued for
16 h at 20°C. Chloramphenicol (20 µg/ml) and Kanamycin (30 µg/ml) were added to medium
for pDX101-containing and pDX121-containing cells, respectively. Cell pellet was collected by
centrifugation at 12,000 g at 4°C for 10 minutes.
2.2.5

Preparation of Inside-Out Vesicles (IOVs)
IOVs were prepared from cell pellets obtained from LE392∆uncIC (pDX101) cells or

HMS174(∆DE3) (pDx121) cells, as described previously [12]. For Dox efflux, the cell pellet
was resuspended in 20 ml of 1x phosphate buffered saline (PBS), pH 7.4, supplemented with 1
mM 1,4-dithiothreitol (DTT) and EDTA-free protease inhibitor cocktail tablet. The cells were
lysed with French press at 16,000 psi twice and centrifuged at 10,000 g (low speed spin) for 20
min at 4°C to remove unbroken cells. The membrane fraction was prepared according to the
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published protocol by ultracentrifugation at 100,000 g (high speed spin) for 1 h at 4°C. The
membrane pellet was washed twice with 10 ml 1x PBS, pH 7.4 and resuspended in the same
buffer, unless otherwise indicated. The total protein concentration was measured with BioRad
DC protein assay (BioRad).
2.2.6

IAANS Labeling of DrrAB in IOVs
Cell pellets were resuspended in 50 mM Tris-Cl, pH 7.5, 20% glycerol, 2 mM EDTA,

and IOVs were prepared as described above. 5 mg of IOVs were resuspended in labeling buffer
(50 mM Tris-Cl, pH 7.5, 50 mM NaCl) and incubated with 30 µM IAANS for 2 h at 22°C in the
dark. Unreacted IAANS was quenched by addition of 1 mM 1,4-dithioerythritol (DTE), and the
samples were passed through a desalting column to remove excess probe. IAANS-labeled IOVs
were then solubilized, where indicated, and DrrAB proteins were co-purified as described below.
2.2.7

Co-Purification of DrrA and DrrB
IOVs prepared from HMS174(∆DE3) cells containing pDX121 were used for co-

purification of DrrAB proteins, as described [22]. Briefly, 1 mg of IOVs were resuspended in
purification buffer (50 mM Tris-Cl, pH 7.5, 200 mM NaCl, 20% glycerol) and solubilized in the
same buffer containing 1% n-dodecyl-β-D-maltoside (DM) and 2.9 mM β-mercaptoethanol on
ice for 1 h. Solubilized proteins were collected by centrifugation at 100,000 g (high speed spin)
for 30 min at 4°C and loaded on a column containing Ni2+-NTA resin (Amersham Bioscience,
Ltd, UK) for 1 h at 4°C.

The resin-bound DrrAB proteins were washed with 30 ml of

purification buffer supplemented with 0.05% (w/v) DM and 20 mM imidazole. DrrAB proteins
were eluted twice (E1and E2), each time with 1 ml of purification buffer containing 0.05% (w/v)
DM and 500 mM imidazole.

Purified DrrAB proteins were dialyzed against 500 ml of

purification buffer to remove imidazole and stored at -80°C until used. Protein concentration
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was determined by UV absorbance ratio between O.D. 280 nm and O.D. 260 on the Shimadzu
UV1601 spectrophotometer using the formula: concentration (mg/ml) = (1.55 x 280 nm) – (0.76
x 260 nm) [29].
2.2.8

Western Blot Analysis
IOVs or purified DrrAB proteins were analyzed by SDS-PAGE on 12% gels, followed by

Western blot analysis using anti-DrrA or anti-DrrB antibodies. Bands were quantified using
MultiGauge version 2.3.
2.2.9

In Vitro Dox Transport using IOVs
DrrAB-mediated Dox transport in IOVs was measured by the previously established

protocol [12]. Briefly, 250 µg of IOVs were resuspended in 1x PBS (pH 7.4) containing 1 µM
Dox, 0.1 mg/ml creatine kinase and 5 mM creatine phosphate. Dox fluorescence was recorded at
37°C on the PTI fluorometer using an excitation wavelength of 480 nm and an emission
wavelength of 590 nm (slit widths for both set at 1.5 mm). Data were collected at every 0.1 s
interval for a total of 400 s. After initial 100 s, the reaction was paused to add 1 mM ATP, pH
7.5, and 1 mM Mg2+, after which the detection continued for additional 300 s. The slope of
initial linear range between 200–300 s (following the addition of ATP and Mg2+) was recorded
as the rate of Dox transport.
2.2.10 ATPase Activity of Purified DrrAB
5-10 µg of purified DrrAB proteins were incubated in a reaction containing 1 ml 50 mM
MOPS (pH 8.5), 1 mM dithiothreitol, 10 µl PK/LDH enzyme, 5 mM ATP (pH 7.5), 0.25 mM
NADH, and 1.25 mM phosphor(enol)pyruvic acid, at 37°C for 5 min [12]. The optical density
was recorded at 340 nm on the Shimadzu UV1601 spectrophotometer for 10 min after starting
the reaction by addition of 2.5 mM MgCl2. The slope of the linear range between 50-200 s was
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used to calculate ATPase activity. To determine the effect of drugs on ATPase activity, 25 µg
IOVs or 30 µg purified DrrAB proteins were pre-incubated with indicated concentrations of
drugs at room temperature for 10 min, and the activity was measured as described above.
2.2.11 Fluorescence Quenching Analysis
Quenching assays were performed by adding increasing concentrations of drugs or
nucleotides to a 500 µl reaction volume containing 0.5 µM purified DrrAB or DrrAB-IAANS in
quenching buffer (50 mM Tris-Cl, pH 7.5, 200 mM NaCl, and 20% glycerol 0.05% (w/v) DM)
in a 5 mm quartz cuvette at room temperature. After each addition of substrate, the fluorophore
was excited, and the emission was recorded at the indicated range using PTI fluorometer set at
1.0 mm slit widths. Fluorescence spectra of 1 µM IAANS in buffer or 1 µM IAANS reacted with
0.5 mM DTE or 10 µM NATA (N-Acetyl-L-tryptophanamide) were also recorded as controls.
The fluorescence value at the emission maximum (λem max) was used for calculation of percent
quenching. Intrinsic Trp fluorescence emission was recorded between 310–360 nm (λex 295 nm,
λem max 330 nm), and IAANS emission was recorded between 400–500 nm (λex 325 nm, λem
max 435 nm).

Fluorescence intensities recorded at λem max were corrected for dilution,

scattering, and inner filter effect using the previously established equation [25, 26]: Fi,cor = (FiFB)(Vi/V0) x 100.5b

(A
+ A
)
λex
λem ,

where Fi,cor is the corrected fluorescence at any given titration

point and Fi is the recorded fluorescence intensity at λem, FB is the fluorescence of buffer alone
without any fluorescent probe, Vi is the volume at any given titration point, V0 is the starting
volume of the sample, b is the total length of the optical path in the cuvette and lastly, Aλex and
Aλem are the absorbances of the sample at the excitation and emission wavelengths, respectively,
at any given point during the titration.
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The percent quenching or the percent decrease in fluorescence relative to initial
fluorescence was calculated using the equation: % Quenching = [(F0,cor – Fi,cor)/(F0,cor)] x 100,
where F0,cor is the corrected fluorescence value of the initial titration point, Fi,cor is the corrected
fluorescence intensity at any given point of titration. Finally, the substrate binding kinetics were
determined by Gradpad Prism 7 nonlinear regression equations for single-site or two-sites
specific binding models.
2.2.12 Binding of TNP-ATP to DrrAB
1 µM of purified DrrAB was titrated with increasing concentrations (0.1–20 µM) of
3’(2’)-O-(2,4,6-trinitrophenyl)-adenosine triphosphate (TNP-ATP) in 500 µl binding buffer (50
mM Tris-Cl, pH 7.5, 200 mM NaCl, 10% glycerol, 0.01% (w/v) DM) at room temperature.
Excitation was carried out at 407 nm, and emission spectra were recorded between 500–600 nm
using the PTI fluorometer set at 1 mm slit widths. Fluorescence intensity at λem max of TNPATP in buffer alone was subtracted from fluorescence intensity of TNP-ATP bound to DrrAB at
each titration point.

The final fluorescence in each case was then corrected for dilution,

scattering, and the inner filter effect, as described above. Percent fluorescence increase of TNPATP was calculated using the equation: % Increase = [(Fi,cor-F0,cor)/(Ff,cor)] x 100, where Fi,cor is
the corrected fluorescence intensity at any given point of titration, F0,cor is the corrected
fluorescence value of the initial titration point, and Ff,cor is the final corrected fluorescence value.
GraphPad Prism 7 nonlinear regression equations were used to analyze binding kinetics.
To study displacement by nucleotides, 1 µM protein was incubated with 5 µM TNP-ATP
with or without 10 mM Mg2+ in a 500 µl reaction at room temperature for 5 min. After recording
emission, increasing concentrations (0.1–20 mM) of ATP, ADP, or AMP (pH 7.5) were added,
and fluorescence decrease was monitored. Each nucleotide was also titrated in the absence of
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protein, which was then subtracted from the fluorescence intensity in the presence of protein and
the final fluorescence was corrected as described.
2.3
2.3.1

Results
Conserved Motifs of DrrA and DrrB
Both the NBD (residues 1-198) and the CTD (residues 199-330) of DrrA contain

previously identified conserved motifs [22, 23], which are shown in the schematic in Fig. 1A.
DrrB consists of eight membrane-spanning helices with both the N- and C-termini in the
cytoplasm (Fig. 1B) [16]. EAA-like motif located in the N-terminal cytoplasmic tail of DrrB is
the only known conserved motif in DrrB [21], which was shown through cross-linking analysis
to be a point of interaction with Q-loop in the NBD and CREEM motif in the CTD of DrrA [18,
21, 22]. The point mutations and cysteine substitutions of DrrA and DrrB [12, 18, 22] used in
this study are also marked in Figs. 1A and 1B. This study used intrinsic Trp fluorescence and
cysteine-specific fluorescent probe IAANS placed in different motifs of DrrA or DrrB to
elucidate binding of various drugs and nucleotides to the purified DrrAB complex and to
understand conformational changes resulting from their binding. The three cysteine substitutions
used in this study included Y89C in Q-loop of DrrA, S319C in CREEM motif of DrrA, and
S23C in EAA-like motif of DrrB. Point mutations used in this study included Y18A in the Aloop, K47R and K47M in Walker A, E165Q in Walker B, and Q197H in the switch motif. These
mutants were selected based on the known crucial role of these residues in ATP binding or
hydrolysis [12, 30].
The effect of cysteine substitutions and point mutations on the expression and function of
DrrAB proteins was determined by Western blot (Figs. 1C-D) and in vitro Dox efflux analysis
(Fig. 1E-F). The relative efficiency of Dox efflux in each mutant was determined by dividing
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efflux of the mutant by that of the wild type. Because the expression of DrrAB proteins was
compromised in some mutants (Figs. 1C-D), Dox efflux efficiency was normalized to the
expression of DrrB (directly involved in drug binding and efflux) by dividing the relative
efficiency of efflux by the relative expression of DrrB in each case. The normalized data in Fig.
1F show that each of the three cysteine substitution mutants (Y89C, S319C and S23C) did not
affect Dox efflux significantly, resulting in about 80-100% efflux compared to wild type DrrAB,
thus ruling out any significant deleterious effect of these substitutions on function of the
complex. However, the five point mutations, Y18A, K47R, K47M, E165Q and Q197H, showed
a drastic effect on Dox efflux, with no observable efflux seen in Y18A and K47M, 24% efflux in
K47R, 3% efflux in E165Q, and 15% efflux in Q197H. This is expected based on the location of
these point mutations in the critical catalytic motifs of DrrA.
2.3.2

Binding of TNP-ATP to Purified DrrAB
DrrAB proteins were co-purified, and samples from each stage of purification were

analyzed by Coomaasie staining (Fig. 2A) and Western blot analysis (Figs. 2B-C). On average,
the E1 fraction contained 0.35 mg/ml, and the E2 contained 0.93 mg/ml of purified wild type
DrrAB, with a basal ATPase activity of ~50 nmol x mg-1 x min -1. The yield of purified wild
type, point mutants (E165Q and Q197H), and cysteine substitutions (Y89C, S319C, and S23C)
were comparable. However, Y18A, K47R, and K47M contained on average 0.11 mg/ml and
0.16 mg/ml of protein in the E1 and E2 fractions, respectively. DrrA and DrrB proteins are
biochemically coupled so that the stability of DrrB and the ATP binding function of DrrA
depend on their interaction with each other [17]. To determine if the purified DrrAB proteins are
functional, a fluorescent ATP analog, TNP-ATP, was used to determine binding. TNP-ATP is
weakly fluorescent in buffer, however when bound to the NBD of a protein it exhibits an
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increase in fluorescence and displays a shift in the emission wavelength [31]. The data in Fig.
3A show that in the presence of purified DrrAB, fluorescence of TNP-ATP is enhanced roughly
3-fold (curve 1) as compared to TNP-ATP in buffer (curve 2), suggesting that TNP-ATP is
indeed able to bind to the NBD of DrrA. Moreover, the maximal emission wavelength of TNPATP shifted from 552 nm in buffer to 542 nm in the presence of DrrAB, further indicating that
TNP-ATP, when bound to the NBD of DrrA, is in a hydrophobic environment, as seen with
other nucleotide binding proteins [32, 33]. No fluorescence was observed for DrrAB alone
(curve 3) or in the buffer without TNP-ATP (curve 4), as expected.
To further confirm that TNP-ATP binds specifically to the nucleotide binding pockets in
DrrA, different concentrations of ATP, ADP or AMP (ranging from 0.1 mM-5 mM) were added
to purified DrrAB pre-bound with TNP-ATP (Fig. 3B). A reduction of 20% in TNP-ATP
fluorescence was seen on addition of 0.1 mM ATP (curve 1), suggesting displacement of bound
TNP-ATP by ATP.

Further addition of ATP resulted in additional decrease in TNP-ATP

fluorescence, with a 55% reduction in fluorescence seen after addition of 5 mM ATP. ADP had
a similar effect on TNP-ATP fluorescence of wild type DrrAB, with 57% reduction after
addition of 5 mM ADP (curve 2). In comparison, AMP showed a reduced effect, with only a
14% decrease in TNP-ATP fluorescence at 5 mM AMP (curve 3). Interestingly, when DrrAB
was pre-bound to TNP-ATP in the presence of magnesium, reduced displacement of TNP-ATP
by ATP was seen (curve 4), suggesting that Mg2+ enhances the binding affinity of TNP-ATP for
the NBD of DrrA. Displacement experiment carried out with K47R mutant protein also showed
about a 55% reduction in fluorescence after addition of 5 mM ATP (curve 5), as seen with wild
type (curve 1). Overall, displacement experiments confirmed that TNP-ATP binds directly to the
nucleotide binding pockets of DrrA.
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Kinetics analysis was then carried out to determine binding affinity of TNP-ATP for wild
type DrrAB and mutants in DrrA.

Purified DrrAB proteins were titrated with increasing

concentrations of TNP-ATP, and increase in fluorescence was recorded continuously. The data
in Fig. 3C show that the corrected fluorescence data could be fitted to a single-site specific
binding model with a Kd of 7.7 µM for wild type DrrAB. The Walker A mutants K47R and
K47M, on the other hand, exhibited about 3-fold higher Kd of 21.6 µM and 25.9 µM,
respectively, indicating decreased affinity for TNP-ATP (Figs. 3E and 3F), as expected. The Aloop mutant Y18A also showed about a 2-fold higher Kd (15.8 µM) (Fig. 3D) as compared to
wild type. By contrast, the Walker B mutant (E165Q), deficient in ATP hydrolysis but not in
ATP binding, showed a Kd of 8.3 µM (Fig. 3G), which is similar to the wild type Kd. Similarly,
Q197H mutant also exhibited wild type-like binding affinity for TNP-ATP (Fig. 3G). Finally,
the three cysteine substitutions used in this study also did not affect their TNP-ATP binding
affinity (Fig. 3G). Overall, TNP-ATP experiments show that purified DrrAB proteins behave in
a manner similar to DrrAB present in membranes [11, 17] with regards to their ability to bind
ATP.
2.3.3

Intrinsic Trp Fluorescence and Binding of Drugs and Nucleotides to DrrAB
Intrinsic tryptophan fluorescence studies have been used to demonstrate conformational

changes in proteins and to determine binding affinities for substrates [24, 34, 35]. Binding of a
substrate to a protein often results in quenching of its intrinsic Trp fluorescence, which is
suggestive of conformational changes in the protein. Concentration-dependent saturable
quenching of fluorescence is an indication of specific binding, as described previously for
substrate binding to Pgp and bacterial lipid A exporter MsbA [24, 35]. We used this approach to
analyze binding affinity of purified DrrAB for different drugs and nucleotides as well as to
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understand conformational changes in DrrAB resulting from sequential addition of nucleotides
and drugs. The DrrAB proteins contain a total of 7 Trp residues (Figs. 1A-B). The two residues
in DrrA (W113 and W179) are located near the signature motif (W113) and between Walker B
and Switch motif (W179) in the NBD (Fig. 1A). Five Trp residues in DrrB are distributed
throughout the protein; three are located within transmembrane domains (W126, W183, W253),
and two are in the cytoplasmic loops (W42, W225) (Fig 1B). Excitation of Trp residues of
DrrAB at 295 nm produced emission maximum at 330 nm, whereas soluble Trp analog NATA
exhibited emission maximum at 355 nm (Fig. 4A). This large hydrophobic shift of 25 nm
indicates that the Trp residues in DrrAB are located in a more hydrophobic environment
compared to NATA in solution. This is similar to the 23 nm shift seen previously with both Pgp
[35] and MsbA [24]. The following sections describe kinetic characterization for drug and
nucleotide binding to purified DrrAB using intrinsic Trp fluorescence.
2.3.3.1 Drug Binding to DrrAB
Using the principles described above, binding kinetics of ten different drugs for purified
DrrAB proteins were determined by titration with increasing concentrations of each drug. To
rule out any artefactual quenching results, titration of the soluble Trp analog NATA with each
drug was also carried out, which served as a negative control. If titration of NATA provided
quenching results similar to those seen with DrrAB, it was considered to be an indication of nonspecific binding of that substrate. For example, colchicine showed similar percent quenching for
DrrAB and NATA, thus the binding of colchicine was considered nonspecific (data not shown).
On the other hand, quinidine and quinine showed non-saturable quenching of DrrAB
fluorescence, which also suggested nonspecific binding of these two drugs (data not shown).
The remaining seven drugs resulted in concentration-dependent, saturable quenching of the
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intrinsic fluorescence of DrrAB. The data in Fig. 4 (panels B-F) show quenching curves for five
of these drugs, including Dox, ethidium bromide (EB), Hoechst 33342 (H33342), verapamil, and
rhodamine B (RhoB). A summary of the binding affinities is provided in Table 1. Interestingly,
different quenching patterns were observed for different drugs. Some drugs showed preferential
binding to two sites, for example, Dox, H33342, vinblastine, and RhoB, while others (EB and
verapamil) could only be fitted by a single-site binding model. In particular, the physiological
substrate of the DrrAB pump, Dox, exhibited two binding affinities with Kd1 of 0.19 µM and Kd2
of 123 µM (Fig. 4B, Table 1).

These analyses also provided estimation of the maximal

quenching reached at saturation, ∆Fmax1 and ∆Fmax2. Total ∆Fmax was calculated by addition
of ∆Fmax1 and ∆Fmax2 (Table 1). A very high percent fluorescence quenching (Total ∆Fmax of
~100%) was seen with fluorescent drugs, including Dox, EB, H33342, RhoB and rifampicin
(Table 1), which may be due at least in part to FRET between the drug and Trp, as reported
previously [35]. To determine if drug binding affects ATPase activity of DrrAB, effect of
H33342 and Dox on ATPase activity of IOVs and purified protein was determined. The data in
Fig. 4G show that H33342 inhibits ATPase activity of DrrAB-containing IOVs in a dosedependent manner (curve 2) with significantly less inhibition seen in IOVs containing the empty
vector (curve 1), indicating that this inhibition is specific for DrrAB. A similar dose-dependent
inhibition of the ATPase activity of purified DrrAB protein was also observed (curve 3), but with
a higher overall relative inhibition than seen than with the IOVs. Dox, on the other hand,
showed no detectable effect on ATPase activity in IOVs (curves 4-5), although it produced a
very small increase in activity of the purified DrrAB proteins (curve 6).
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2.3.3.2 Binding of Nucleotides to DrrAB
Binding affinities of DrrAB for five different nucleotides, including ATP, ADP, AMP,
GTP, and GDP were determined using intrinsic Trp fluorescence. NATA was again used as a
negative control for binding of all nucleotides. Data in Fig. 5A show that binding of ATP to
DrrAB resulted in saturable quenching of fluorescence. These data could be preferentially fitted
to a two-sites binding model with Kd1 of 33 µM and Kd2 of 2.0 mM (Table 1), suggesting the
existence of a high affinity binding site (site 1) and a low affinity binding site (site 2) for ATP in
DrrA. ADP and AMP binding to DrrAB proteins also resulted in saturable quenching, and the
data were preferentially fitted to a two-sites binding model in each case. ADP bound to DrrAB
with a similar Kd1 (22 µM) as ATP, but it showed a significantly higher Kd2 (4.8 mM) (Fig. 5E),
suggesting lower affinity for ADP at site 2. AMP binding data were comparable to ADP binding
(Table 1). The total ∆Fmax for ATP, ADP and AMP showed about 30% overall quenching
(Table 1). In summary, binding of these three nucleotides produced similar conformational
changes in DrrA, albeit with varying affinities for site 2 after initial binding to site 1.
Interestingly, the A-loop mutant Y18A and Walker A mutants K47R and K47M also showed a
very similar Kd1 to wild type DrrAB for ATP (~30 µM), however they showed a significant
increase in Kd2 (3.3 mM for Y18A and ~6 mM for K47R and K47M) (Figs. 5B-5D), as seen
above for ADP and AMP. Binding affinities of DrrAB for GTP and GDP were also determined.
The GTP binding data could be fitted to a two-sites binding model with Kd1 and Kd2 of 0.39 µM
and 0.86 mM, respectively, and 75% total maximal fluorescence quenching at saturation (Fig.
5F, Table 1). GDP binding was also found to occur with a Kd1 (0.33 µM) similar to GTP
binding, but with a lower Kd2 of 0.48 mM as compared to GTP. The total ∆Fmax was found to
be 57%, indicating a smaller conformational change with GDP (Table 1).
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2.3.3.3 Sequential Binding of Drugs and ATP
To assess the effect of sequential binding of nucleotides and drugs, dual titration
experiments were carried out. The DrrAB proteins were first titrated with ATP, followed by
Dox or vinblastine (Figs. 6A and 6C), or vice versa (Figs. 6B and 6D). The data in Fig. 6 show
that nucleotide (ATP) and drug (Dox or vinblastine) can bind to DrrAB simultaneously resulting
in additive effect on quenching.

Interestingly, however, binding affinities for Dox and

vinblastine were reduced by 2-fold or more when DrrAB was pre-bound with ATP (Table 1).
Kd1 and Kd2 for Dox binding were increased to 0.35 µM and 241 µM, respectively, and for
vinblastine were increased to 0.60 µM and 165 µM, respectively, when ATP was bound first
(Table 1). By contrast, prior binding of either drug resulted in no significant change in the
binding affinity for ATP (Table 1), as also seen previously with Pgp [35] and MsbA [36].
2.3.4

Use of the Extrinsic Probe IAANS to Analyze Inter-domain Conformational Changes
in DrrAB
To further examine cross-talk between the two subunits and to understand conformational

changes in specific domains of DrrA or DrrB, a cysteine-specific fluorescent probe IAANS was
used to determine targeted conformational changes. The DrrAB system contains only one native
cysteine in DrrB at residue 260, which was previously changed to a serine (C260S), with no
effect on the expression of DrrB or its interaction with DrrA [16]. Using the cysteine-less
mutant (C260S), various clones containing a single cysteine substitution in DrrAB were
generated [18, 21, 22]. The present study focuses on single cysteine substitutions in either the
NBD of DrrA (Y89C in Q-loop), CTD of DrrA (S319C in CREEM), or the N terminus of DrrB
(S23C in EAA-like motif). As shown previously in Figs. 1C-F and 3G, cysteine substitutions in
these residues did not result in a negative impact on expression or function of DrrAB.
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2.3.4.1 Labeling of a Single Cysteine in DrrA or DrrB with IAANS
IAANS labeling of Y89C-, S319C- or S23C-containing DrrAB was carried out in
membrane vesicles, which had no significant effect on DrrAB-mediated Dox efflux efficiency in
IOVs as compared to unlabeled DrrAB (Fig. 7A). The IAANS-labeled proteins were then
purified, and their fluorescence determined.

IAANS exhibits low fluorescence in solution,

however its fluorescence is enhanced when covalently bound to sulfhydryl groups in a protein
[26]. A significant enhancement of IAANS fluorescence was indeed seen when bound to a
cysteine in DrrAB (Fig 7B, curves 1-3) as compared to IAANS in buffer (curve 4). Binding of
IAANS to a soluble sulfhydryl compound DTE only slightly increased its fluorescence (curve 5).
The IAANS probe is also highly sensitive to the polarity of its immediate surrounding and
exhibits a blue shift in its emission peak in nonpolar environments [36]. When excited at 325
nm, free IAANS and DTE-IAANS exhibited emission maximum at ~455 nm (curves 4-5),
whereas IAANS-labeled DrrAB showed emission peak at ~435 nm (curves 1-3). This large ~20
nm blue shift in fluorescence indicates that IAANS specifically labeled a cysteine in DrrA or
DrrB, and the labeled cysteine residue is located in a relatively hydrophobic environment. The
three cysteine substitutions showed variable fluorescence intensities when labeled with IAANS.
The data in Fig. 7C show that the fluorescence emission of IAANS bound to S319C was about
50% of Y89C or S23C, suggesting that the labeling efficiency or intensity of emission may
depend on the location of a cysteine in the protein and can be an indication of the conformation
and/or availability of the labeled region.
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2.3.4.2 Drug or Nucleotide-induced Conformational Changes in IAANS-bound DrrA or
DrrB
In the DrrAB system, ATP binds to DrrA while Dox binds to DrrB [11, 13]. Since
IAANS was labeled to a particular domain of DrrA or DrrB, it provided an ideal system to study
conformational changes in each domain individually as well as long-range inter-domain
conformational changes. Therefore, two types of experiments were carried out. First, DrrAB
containing Y89C-IAANS (labeled in Q-loop) or S319C-IAANS (labeled in the CREEM motif)
in DrrA was titrated with ATP, and S23C-IAANS (labeled in the EAA-like motif) in DrrB was
titrated with Dox. In the second experiment, opposite titrations (Y89C-IAANS or S319CIAANS was titrated with Dox, and S23C-IAANS titrated with ATP) were carried out to
determine inter-domain conformational changes.
2.3.4.3 Inter-domain Conformational Changes
Since DrrA and DrrB proteins are biochemically coupled and depend on each other for
their stability and function [17], it is expected that there is crosstalk between the subunits and
conformational changes transmitted from one subunit to the other. To determine if ATP binding
to DrrA alters the conformation of DrrB, effect of ATP on S23C-IAANS fluorescence was
analyzed. The data in Figs. 8A and 8B, curve 1 show that fluorescence of S23C-IAANS is
indeed quenched in a saturable manner on addition of ATP, as seen when Y89C-IAANS is used
as a reporter for ATP binding (Fig. 8B, curve 2), suggesting that conformational changes
resulting from ATP binding to DrrA are transduced to DrrB. Interestingly, however, in contrast
to Y89C-IAANS, the S23C-IAANS quenching data could be preferentially fitted to a single-site
binding model with a Kd of 54 µM (Table 2), which is similar to when S319C-IAANS is titrated
with ATP (Fig. 7E, Table 2).
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The opposite response was also observed. Conformational changes resulting from Dox
binding to DrrB were reported by saturable fluorescence quenching of Y89C-IAANS (NBD)
(Figs. 8C and 8D, curve 1) or S319C-IAANS (CTD) (Table 2). Each resulted in two Kds very
similar to the Kds observed when S23C-IAANS was used as a reporter for Dox binding (Fig. 8D,
curve 2) (Table 2). Moreover, Y89C-IAANS (Fig 8C) and S319C-IAANS also showed a λem
max blue shift of 15 nm, which is comparable to S23C-IAANS. Overall, these results provide
direct evidence of measurable long-range conformational changes between DrrA and DrrB in
response to drug and nucleotide binding.
2.4

Discussion
Multidrug resistance proteins are found in both prokaryotic and eukaryotic cells [2, 37].

Their ability to transport structurally unrelated molecules not only poses a major challenge to our
understanding of how enzymes can recognize multiple substrates, but it is also a major cause for
concern in the clinic. The mammalian ABC protein Pgp is the best-understood MDR protein
[37]. Extensive biochemical and structural analysis of Pgp has resulted in a vast body of
literature which points to the existence of a large and promiscuous drug-binding chamber as the
basis for MDR in this system [3]. We recently reported that the bacterial DrrAB system found in
the producer soil organism S. peucetius is also a multidrug transporter [12]. We also showed that
aromatic residues contributed by multiple transmembrane helices of DrrB may provide the basis
for flexible recognition of drugs in a common drug-binding pocket in this protein [13].
However, our understanding of drug binding to the DrrAB complex is rather limited. Since drug
efflux and binding are different facets of an MDR protein, an additional complimentary approach
for studying substrate binding is necessary to develop a complete understanding of this
transporter. Fluorescence-based analyses used in this study provided an excellent approach for
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understanding drug and nucleotide binding and to elucidate how substrate-induced
conformational changes may be transduced between the NBD and the TMD. In general, the
results obtained by fluorescence methods were consistent with previous drug efflux and
resistance results [12, 13]. Furthermore, the two fluorescence approaches used in this study
provided similar substrate binding kinetics data, showing validity of each approach for analysis
of the DrrAB system.
Using intrinsic Trp fluorescence, we analyzed direct binding of ten different drugs to the
DrrAB complex.

Of these, seven drugs showed high-affinity saturable binding to purified

DrrAB. Six of these drugs were previously shown to be substrates of the DrrAB pump by efflux
(Dox, EB, H33342) or by inhibition of Dox efflux (rifampicin, vinblastine, verapamil) [12].
RhoB presented the only exception.

Since it showed no inhibition of Dox efflux, it was

concluded that it may not be a substrate of the pump [12]. Note that this analysis focused on
Dox efflux [12], therefore it did not allow characterization of independent (possibly noninteracting) drug binding sites. In the present study, however, Trp fluorescence quenching
analysis showed high-affinity saturable binding of RhoB to DrrAB. We suggest that both Dox
and RhoB may bind simultaneously to independent sites in the common drug binding pocket of
DrrB, thus expanding our understanding of the binding pocket and highlighting the potential of
fluorescence-based approaches in complementing drug efflux-based approaches.
Interestingly, some drugs, including Dox, H33342, vinblastine, RhoB, and rifampicin,
exhibited more than one drug binding site in DrrAB, while EB and verapamil binding occurred
to a single site. These data are consistent with the previous data, where efflux of Dox and
H33342 exhibited Hill coefficients of 1.7 and 2, respectively, signifying two or more potential
binding sites for these drugs [12]. Moreover, the Kms for Dox (0.39 µM) and H33342 efflux
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(0.78 µM) determined previously [12] were between the two binding Kds (0.19/112 µM and
0.03/11 µM, respectively) determined here. Finally, EB binding occurred to a single site with a
Kd of 26 µM, which is also consistent with previous efflux results where a Hill coefficient of 1.1
and a Km of 21 µM was observed [12]. Therefore there is a clear correlation between drug
binding and drug efflux by DrrAB as well as between drug binding and drug resistance [13].
Interestingly, H33342 binding to DrrAB also resulted in a significant inhibition of its ATPase
activity in both IOVs and the purified preparation. Stimulation or inhibition of ATPase activity,
or a biphasic response to drug binding, has been previously shown for Pgp and MsbA [24, 38,
39]. Dox binding, however, showed no detectable effect on activity of DrrAB in IOVs, and it
resulted in only a slight increase in activity of the purified protein. It is possible that Dox indeed
does not produce a significant modulatory effect on ATPase activity of DrrAB, as reported for
MsbA where binding and transport of daunorubicin was not accompanied by stimulation or
inhibition of its ATPase activity [24]. Alternatively, reconstitution of DrrAB in lipid membranes
may be necessary to observe the modulatory effect of some drugs, as noted previously [39],
which will be verified in our future studies.
Overall, the drug binding analysis provided Kd values ranging from 30 nM-0.26 µM for
the high affinity (primary) site and 11 µM-123 µM for the low affinity (secondary) site, which
are in the same range as seen previously with eukaryotic drug exporter Pgp and bacterial lipid A
exporter MsbA [24, 25, 35, 40]. The ability to bind multiple drugs as well as variable binding
affinities indicates versatility and flexibility of the drug binding pocket of DrrB, as previously
concluded for Pgp [3, 41]. This approach was also able to differentiate between specific and
non-specific binding of drugs; for example, binding of colchicine, quinine, and quinidine was
found to be non-specific, as described under Results. In summary, the analysis of ten drugs
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undertaken in this study so far provides a partial picture of drug binding to DrrB, with many
unanswered questions about multidrug binding to this transporter. However, this study clearly
demonstrates the usefulness of fluorescence-based approaches for further analysis of binding of
additional drug substrates to DrrB.
Use of fluorescence approaches also provided valuable insights into binding of
nucleotides to DrrAB. TNP-ATP binding analysis demonstrated high affinity binding with a Kd
of 7.7 µM, which is very similar to the Kd (11.2 µM) reported previously for Pgp [42]. The
Walker A mutants K47R and K47M exhibited about a 3-fold higher Kd (22 µM-26 µM) but
drastically affected Dox transport, confirming the role of the P-loop of DrrA in nucleotide
binding and transport. A double lysine to methionine mutation in Pgp reported previously also
showed only a partial decrease in ATP binding but a drastic reduction of ATPase activity [43].
Previous reports also demonstrated that mutations of the conserved aromatic residue found in the
A-loop of Pgp and HisP abolished ATP binding and transport [42, 44]. Interestingly, the
corresponding Y18A mutation in DrrAB showed only a 2-fold higher Kd (~16 µM) as compared
to wild type, although it abolished Dox efflux completely. These data suggest that the A-loop in
DrrA plays an important role in energy utilization, but a less critical role in nucleotide binding as
compared to Pgp. Similar mutations in Cystic Fibrosis Transmembrane Conductance Regulator
produced no effect on its channel function [45], suggesting that the contribution of the A-loop
towards nucleotide binding and energy utilization may be variable among different ABC
proteins.
Direct binding of five different nucleotides to DrrAB was also determined by Trp
fluorescence quenching, which exhibited two remarkably different binding affinities for each
nucleotide (33 µM and 2 mM for ATP). Interestingly, K47R and K49M mutations resulted in a
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significant increase in Kd2 for ATP binding (~6 mM for K47R/M vs. 2 mM for wild type), while
Kd1 remained unaffected in these mutants. It may be significant that both ADP and AMP binding
to wild type DrrAB also exhibited a much higher Kd2 (~5 mM) as compared to Kd2 for ATP
binding (2 mM). Taken together, these data suggest that these three nucleotides can bind quickly
to the high affinity binding site in wild type or mutant DrrA, but binding to the low affinity site is
more selective and thus may be more critical for the function of DrrA. Trp fluorescence was also
previously used to determine nucleotide binding to Pgp [25, 35, 46] and MsbA [24, 36].
However, for each of these proteins only one Kd matching the low-affinity Kd for DrrAB was
observed (0.3-0.8 mM for Pgp and 2-3 mM for MsbA), which may be due to the fact that only
mM concentrations of nucleotides were used for titrations in these studies. Two binding sites
were, however, detected for Pgp using non-hydrolyzable ATP analog, ATPγS (Kds of 6 µM and
0.74 mM) [46]. In the present study, we also demonstrated specific binding of GTP and GDP to
the purified DrrAB proteins, which is consistent with [α-32P]GTP binding to DrrAB in
membranes shown previously [11]. Interestingly, DrrAB showed about 100x higher affinity for
GTP for site 1 as compared to ATP or ADP. Previous studies showed that GTP-dependent Dox
efflux by DrrAB-containing IOVs also occurs with higher efficiency as compared to with ATP
[12], suggesting that at least in vitro GTP may be the preferred energy source for this transporter.
A similar phenomenon was also observed in other ABC proteins, including PatA/PatB, OleB,
and CvaB [47-50], however its physiological relevance is currently unknown. Two significantly
different nucleotide binding affinities observed in this study suggest that the two sites in DrrA
behave in an asymmetric fashion, and this asymmetry is further accentuated by mutations in the
A-loop and Walker A motifs. Structural and functional asymmetry in the two consensus NBDs
has also been reported in Pgp [8, 51-53] as well as in homodimeric ABC proteins [54-57],
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although the mechanism by which asymmetry is created in a transporter is not fully understood
[53, 56]. Several mechanisms have been suggested in literature, which may include asymmetric
stacking of conserved NBD motifs, competitive interactions between NBDs and TMD or TMD
asymmetry caused by asymmetric substrate binding to the TMDs [52, 55]. In the DrrAB system,
asymmetry may be created by the particular association between two subunits of DrrA or their
interaction with DrrB.
The data discussed above showed that conformational changes produced by binding of
drugs and nucleotides to purified DrrAB proteins can be measured by fluorescence approaches.
We next wanted to explore inter-domain communication between the TMD and the NBD of the
DrrAB complex. The first evidence of such communication was obtained through dual titration
experiments, where prior binding of ATP resulted in reduced affinity for Dox or vinblastine, as
also observed previously with nucleotide-bound Pgp [58-61] and other ABC transporters [36, 6264]. This observation not only suggests cross-talk between DrrA and DrrB, but it also indicates
that ATP binding may act as a power stroke for switching the conformation of DrrB from
inward-facing to outward-facing resulting in release of the drug to the outside. To get a clearer
understanding of the inter-domain communication, we used the extrinsic probe IAANS bound to
either the NBD or the TMD of DrrAB. Our analysis showed that Dox binding to DrrB is
reported as saturable fluorescence quenching of Y89C-IAANS (located in the NBD of DrrA) or
S319C-IAANS (located in the CTD of DrrA), in each case providing two Kds almost identical to
the Kds for Dox binding reported by S23C-IAANS. Thus the conformational changes resulting
from Dox binding to DrrB were reported to the same extent by both the NBD and CTD of DrrA.
Similarly, ATP binding to the NBD was also reported by S23C-IAANS located in the EAA-like
motif in DrrB. Surprisingly, however, a single Kd (similar to the high affinity Kd) for ATP
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binding was reported, in contrast to Y89C-IAANS in the NBD which reported two Kds.
Interestingly, S319C-IAANS also reported only a single high affinity Kd for ATP binding.
Taken together, these data strongly indicate that the CREEM motif and the EAA-like motifs are
in contact, as also shown previously through chemical cross-linking analysis [22]. Thus we
speculate that the CREEM and EAA-like motifs may participate in a 2-way communication
between DrrA and DrrB and may form part of the same transduction pathway. Based on the data
presented in this study and the prevalent models for the transport cycle of ABC proteins, a model
is presented below for the function of DrrAB.
It is proposed that the catalytic cycle of DrrAB goes through four major conformations.
In the resting state of the DrrAB complex, the EAA-like motif of DrrB is in contact with the
CREEM motif of DrrA, as shown previously [22] and further supported by the data presented in
this study. In this state, the NBDs in DrrA are separated, and DrrB is in the inward-facing
conformation (Conf. I). Binding of Dox to DrrB, which is communicated to the NBD, may
trigger binding of ATP to the high affinity site 1 of DrrA (Conf. IIa).

The associated

conformational changes in the NBD are then relayed through the CTD of DrrA to the N terminus
of DrrB (reported as a single high-affinity Kd for ATP binding). This triggers DrrB to switch its
interaction from the CREEM motif to the Q-loop motif (Conf. IIb). This is followed by filling of
the low affinity ATP binding site 2, which is reported as the additional low-affinity Kd from
Y89C-IAANS. Filling of site 2 with ATP results in formation of the NBD closed dimer, which
acts as a power-stroke switching the conformation of TMDs from inward-facing to outwardfacing (Conf. III). Hydrolysis of ATP (Conf. IV) then resets DrrB back to inward-facing state for
the next cycle, followed by separation of the NBDs to return to the resting state of the DrrAB
complex.
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2.5

Conclusion
The fluorescence-based approaches used in this study complement previously used

approaches in extending our understanding of the nature of the drug-binding pocket of DrrB.
There are still many unanswered questions about the range of drug substrates recognized by this
system, the number and nature of different drug binding sites, and whether binding of each drug
occurs to independent or shared residues in the pocket. These questions can be answered by
analysis of additional drugs (using the approaches optimized in this study) combined with
mutagenesis analysis. In this study, we also used an extrinsic cysteine-based fluorescent probe to
understand targeted conformational changes, which not only provided evidence of inter-subunit
conformational changes, but also showed that the NBD and the CTD in DrrA might play
different roles in catalysis and energy transduction to DrrB. Therefore, placing the fluorescent
probe in different motifs or domains of a transporter complex provides a powerful approach for
developing an understanding of how conformational changes are transmitted. In the future, we
will continue to use these approaches to further refine and build on the model presented in this
article.
2.6
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Figure 2.1: Characterization of DrrAB mutants.
Schematic representation of conserved domains in (A) DrrA and (B) DrrB, with numbers
indicating the location of specific amino acid residues. (C) Expression of DrrA and DrrB in wild
type and mutants. DrrAB-containing IOVs were prepared from E. coli LE392∆uncIC cells
containing pDX101 (left panel) or HMS174(ΔDE3) cells containing pDX121 (right panel). 30
µg of IOVs were analyzed by Western blot analysis. M = protein marker in kDa. (D) Histogram
showing averages ± S.D. of relative levels of expression of DrrA and DrrB (n = 3). Expression
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of DrrA and DrrB in wild type was designated as 1.0. (E) In vitro analysis of DrrAB-mediated
Dox efflux in wild type and mutants. Representative efflux curves from one experiment are
shown. Curve 1, pSU2718 vector; curve 2, E165Q (Walker B in DrrA); curve 3, K47R (Walker
A in DrrA); curve 4, Q197H (switch motif in DrrA); curve 5, S23C (EAA-like motif in DrrB);
curve 6, S319C (CREEM in DrrA); curve 7, wild type DrrAB; curve 8, Y89C (Q-loop in DrrA).
a.u. = arbitrary units. (F) Histogram showing normalized relative efficiency of DrrAB-mediated
Dox efflux. Efflux by wild type DrrAB was designated as 1.0. The data shown represent
averages ± S.D. (n = 3). Error bars are contained within symbols where not visible.
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Figure 2.2: Purification of DrrAB.
IOVs prepared from E. coli HMS174∆DE3 cells containing pDX121 were used for purification
of DrrAB. Samples 1-6 were normalized by volume. Equal volumes (15 µl) were then analyzed
using SDS-PAGE, followed by staining with (A) Coomassie Blue, (B) Western blot analysis
using Anti-DrrA (1:750) or (C) Western blot analysis using anti-DrrB1 antibodies. 15 µl of 1 ml
elution was analyzed in Lanes 7-8. Lane 1, total lysate after French press; lane 2, supernatant
after low speed spin (10,000 g); lane 3, supernatant after high speed spin (100,000 g); lane 4,
membrane pellet after high speed spin; lane 5, supernatant after high speed spin following
solubilization of DrrAB; lane 6, flow-through after DrrAB binding to Ni2+-NTA column; lane 7,
elution 1; lane 8, elution 2.

59

Figure 2.3: TNP-ATP binding to DrrAB.
(A) Fluorescence emission spectra of TNP-ATP bound to DrrAB. Curve 1, 1 µM purified
DrrAB was mixed with 5 µM TNP-ATP in 500 µl of binding buffer. curve 2, TNP-ATP in
buffer; curve 3, DrrAB in buffer; curve 4, buffer alone. (B) Displacement of bound TNP-ATP
by nucleotides. 1 µM purified DrrAB was incubated with 5 µM of TNP-ATP (curves 1-3, 5) or
5 µM of TNP-ATP and 10 mM Mg2+ (curve 4) for 5 mins, followed by titration with increasing
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concentrations of nucleotides. Curve 1, wild type/ATP; curve 2, wild type/ADP; curve 3, wild
type/AMP; curve 4, wild type/TNP-ATP+Mg2+, followed by ATP; curve 5, K47R/ATP. The
corrected data were plotted, with fluorescence before addition of nucleotide designated as 1.0.
(C) Kinetics of TNP-ATP binding to wild type DrrAB. 1 µM purified DrrAB was titrated with
increasing concentrations of TNP-ATP. The corrected % fluorescence increase data were fitted
for single-site binding to determine Kd. Data points are the averages ± S.D. (n = 3). (D-F)
Kinetics of TNP-ATP binding to DrrAB mutant proteins. (D) A-loop mutant Y18A in DrrA. (E)
Walker A mutant K47R in DrrA. (F) Walker A mutant K47M in DrrA. (G) Histogram showing
summary of TNP-ATP binding to wild type and mutants. Average relative Kds were calculated
using wild type Kd as 1.
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Figure 2.4: Effect of drug binding on intrinsic Trp fluorescence and ATPase activity of
DrrAB.
(A) Intrinsic Trp fluorescence of 0.5 µM purified DrrAB or 10 µM NATA in quenching buffer.
(B-F) Quenching of intrinsic Trp fluorescence of DrrAB by drugs. Titration was carried out with
increasing concentrations of (B) doxorubicin, (C) ethidium bromide, (D) Hoechst 33342, (E)
verapamil, or (F) rhodamine B. The corrected data were fitted to a nonlinear regression equation
describing specific binding to a single-site or two-sites, which was used to determine Kd. Data
points are the averages ± S.D. (n = 3). (G) Effect of H33342 or Dox on ATPase activity of
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DrrAB in IOVs or purified proteins. Curve 1, control IOVs with H33342; Curve 2, DrrABcontaining IOVs with H33342; curve 3, purified DrrAB with H33342; curve 4, DrrABcontaining IOVs with Dox; curve 5, control IOVs with Dox; curve 6, purified DrrAB with Dox.
Data points are the averages ± S.D. (n = 3).
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Figure 2.5: Effect of nucleotide binding on intrinsic Trp fluorescence of DrrAB.
(A-F) Quenching of intrinsic Trp fluorescence of 0.5 µM purified DrrAB by ATP, ADP, or GTP
in quenching buffer. (A) Wild/ATP (B) Y18A/ATP (C) K47R/ATP (D) K47M/ATP (E) Wild
type DrrAB/ADP (F) Wild type DrrAB/GTP. The corrected data were fitted to a nonlinear
regression equation describing specific binding to two sites. Data points are the averages ± S.D.
(n = 3).
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Figure 2.6: Effect of sequential addition of ATP and drugs on intrinsic Trp fluorescence of
DrrAB.
(A) 0.5 µM purified DrrAB in 500 µl quenching buffer was titrated with increasing
concentrations of ATP. The same sample was then titrated with increasing concentrations of
Dox, and further changes in fluorescence were recorded. The corrected fluorescence emission
data for both ATP and Dox titrations were preferentially fitted to non-linear regression equation
for two-site specific binding model. Kds and percent fluorescence quenching for both Dox and
ATP were calculated, as described for Figs. 4 and 5. (B) Titration of DrrAB with Dox, followed
by ATP. (C) Titration of DrrAB with ATP, followed by vinblastine. (D) Titration of DrrAB
with vinblastine, followed by ATP. Data points are the averages ± S.D. (n = 3).
doxorubicin; Vin = vinblastine.

Dox =

65

Figure 2.7: Use of cysteine-specific fluorescent probe IAANS to determine Dox or ATP
binding to DrrAB.
DrrAB-containing IOVs were labeled with IAANS at a single cysteine located in DrrA (Y89C or
S319C) or in DrrB (S23C). (A) Effect of IAANS labeling on DrrAB-mediated Dox efflux.
IOVs prepared from LE392∆uncIC cells containing pDX101 with (+) or without (-) IAANS
treatment were used for in vitro Dox efflux analysis. (B) Fluorescence emission spectra of
IAANS-labeled DrrAB proteins purified from IOVs. 1, Y89C-IAANS; 2, S23C-IAANS; 3,
S319C-IAANS; 4, IAANS alone in buffer; 5, DTE-IAANS; 6, buffer alone. (C) Histogram
showing relative fluorescence of DrrAB labeled at different positions. Fluorescence of Y89CIAANS was designated as 1. (D) Kinetics of ATP binding to DrrAB proteins labeled with
IAANS at Y89C in DrrA. The corrected data were fitted to a nonlinear regression equation
describing specific binding to two sites. (E) Kinetics of ATP binding to DrrAB labeled at S319C
in DrrA. (F) Kinetics of Dox binding to DrrAB labeled with IAANS at S23C in DrrB.
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Figure 2.8: Inter-domain conformational changes in DrrAB.
Purified DrrAB proteins labeled with IAANS at Y89C (DrrA) or S23C (DrrB) were titrated with
ATP or Dox. (A-B) Effect of ATP on fluorescence of S23C-IAANS. (A) Titration with
increasing concentrations of ATP. Only fluorescence curves for titration points corresponding to
addition of 10 µM, 0.1 mM, 1 mM, and 10 mM ATP concentrations are shown. (B) Curve 1, the
corrected % fluorescence quenching data from the full titration of S23C-IAANS with ATP in (A)
were plotted. Curve 2, the quenching data for Y89C-IAANS titrated with ATP are also shown
for comparison. (C-D) Effect of Dox on fluorescence of Y89C-IAANS. (C) Only fluorescence
curves for titration points corresponding to addition of 0.01 µM, 1 µM, 10 µM, 50 µM, 100 µM,
and 200 µM Dox concentrations are shown. (D) Curve 1, corrected fluorescence data from the
full titration of Y89C-IAANS in (C) were plotted. Curve 2, titration of S23C-IAANS with Dox
is shown for comparison. Data points for titrations are the averages ± S.D. (n = 3).
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Figure 2.9: A proposed model for Dox efflux by the DrrAB transporter.
DrrAB is shown as a tetrameric complex with two molecules each of DrrA and DrrB. The two
subdomains of DrrA are represented as NBD and CTD. In the resting state (Conf. I), DrrB is in
the inward-facing conformation, and the NBDs of DrrA are in the ‘open’ conformation. The
EAA-like motif in the N-terminal region of DrrB is in contact with CREEM motif in the CTD of
DrrA. Dox binding to DrrB leads to binding of ATP to site 1 in the NBD of DrrA (Conf. IIa),
resulting in conformational changes that disrupt the interaction of EAA-like motif with CREEM
while promoting interaction of EAA-like motif with Q-loop in the NBD of DrrA (Conf. IIb).
This prompts ATP binding to site 2, which leads to the ‘closed’ conformation of the NBDs and
conformational switch of the transmembrane helices in DrrB from inward-facing to outwardfacing state (Conf. III). This switch in conformation results in reduced affinity for Dox, thereby
releasing drugs to the extracellular medium. ATP hydrolysis in DrrA then switches DrrB back to
inward-facing arrangement (Conf. IV). Release of ADP and Pi from the NBDs causes separation
of the dimers and resets the system to resting state (Conf. I).
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Table 2.1: Summary of the kinetic parameters for binding of drugs and nucleotides to DrrAB.
The assays were carried out as described in the legends for Figs. 4, 5, and 6. The corrected
fluorescence data were fitted to either single-site or two-sites specific binding models using
GraphPad Prism 7 non-linear regression equation. Data points are the averages ± S.D. (n = 3).
Data points are the averages ± S.D. (n = 3). *DrrAB proteins were first titrated with ATP,
followed by titration with doxorubicin or vinblastine. **DrrAB proteins were first titrated with
doxorubicin or vinblastine, followed by titration with ATP. Dox, doxorubicin; Vin, vinblastine.

Drugs

Kd1 (μM)

Kd2 (μM)

∆Fmax total (%)

Doxorubicin

0.19 ± 0.02

112 ± 9.20

89 ± 2.90

0.35 ± 0.05

241 ± 20.14

100 ± 5.34

Hoechst 33342

0.03 ± 0.006

11 ± 0.40

100 ± 1.80

Rifampicin

0.13 ± 0.02

36 ± 2.50

100 ± 3.30

Rhodamine B

0.08 ± 0.01

74 ± 4.00

100 ± 2.50

Vinblastine

0.26 ± 0.04

93 ± 12.00

76 ± 3.60

0.45 ± 0.09

193 ± 27.67

96 ± 7.14

*after ATP

*after ATP
Ethidium Bromide

26 ± 0.60

100 ± 1.60

Verapamil

0.07 ± 0.01

51 ± 0.30

Nucleotides

Kd1 (μM)

Kd2 (μM)

∆Fmax total (%)

ATP

33 ± 4.50

2011 ± 807

24 ± 1.70

**after Dox 36 ± 6.70

1661 ± 605

19 ± 1.66

**after Vin 34 ± 3.50

1853 ± 563

19 ± 0.99

ADP

22 ± 2.10

4847 ± 957

34 ± 1.80

AMP

18 ± 1.59

4817 ± 998

28 ± 1.46

GTP

0.39 ± 0.03

864 ± 62

75 ± 2.40

GDP

0.33 ± 0.03

483 ± 33

57 ± 1.30
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Table 2.2: Summary of the kinetic parameters for binding of ATP or Dox to purified DrrAB
using intrinsic Trp or extrinsic IAANS fluorescence quenching analysis.
The assays were carried out as described in the legends for Figs. 4, 5, and 7. Data points are the
averages ± S.D. (n = 3).

Drugs/Nucleotides

ATP

Doxorubicin

Probe

Kd1 (μM)

Kd2 (μM)

∆Fmax Total (%)

Trp

33 ± 4.50

2011 ± 807

24 ± 1.70

Y89C-IAANS

32 ± 2.14

2019 ± 538

37 ± 1.29

S319C-IAANS

38 ± 1.67

27 ± 0.21

S23C-IAANS

54 ± 4.18

26 ± 0.46

0.19 ± 0.02

112 ± 9.20

89 ± 2.90

S23C-IAANS

0.13 ± 0.01

91 ± 5.04

100 ± 1.96

Y89C-IAANS

0.20 ± 0.04

86 ± 7.38

100 ± 2.85

S319C-IAANS

0.10 ± 0.01

84 ± 5.18

78 ± 1.70

Trp
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3

CHAPTER II: CHARACTERIZATION OF A NOVEL DOMAIN ‘GATE’ IN THE
ABC PROTEIN DRRA AND ITS ROLE IN DRUG EFFLUX BY THE DRRAB
COMPLEX

A novel domain, GATE (Glycine-loop And Transducer Element), is identified in the ABC
protein DrrA. This domain shows sequence and structural conservation among close homologs
of DrrA as well as distantly-related ABC proteins. Among the highly conserved residues in this
domain are three glycines, G215, G221 and G231, of which G215 was found to be critical for
stable expression of the DrrAB complex. Other conserved residues, including E201, G221, K227
and G231, were found to be critical for the catalytic and transport functions of the DrrAB
transporter. Structural analysis of both the previously published crystal structure of the DrrA
homolog MalK and the modeled structure of DrrA showed that G215 makes close contacts with
residues in and around the Walker A motif, suggesting that these interactions may be critical for
maintaining the integrity of the ATP binding pocket as well as the complex. It is also shown that
G215A or K227R mutation diminishes some of the atomic interactions essential for ATP
catalysis and overall transport function. Therefore, based on both the biochemical and structural
analyses, it is proposed that the GATE domain, located outside of the previously identified ATP
binding and hydrolysis motifs, is an additional element involved in ATP catalysis.
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3.1

Introduction
ATP-binding cassette (ABC) superfamily of proteins play pivotal roles in multiple

biological processes, including transport of various molecules and drugs [1]. ABC proteins
typically consist of two nucleotide binding domains (NBDs) and two transmembrane domains
(TMDs) which are either found on separate subunits or within the same polypeptide [2]. This
investigation focuses on the bacterial ABC transporter DrrAB that carries out efflux of the
anticancer antibiotics doxorubicin (Dox) and daunorubicin (Dnr) in the producer organism
Streptomyces peucetius [3]. This system belongs to the DRA family of ABC proteins to which
eukaryotic proteins of the ABCA sub-family also belong [4]. In this system, DrrA (containing
the NBD) and DrrB (the TMD) together form a tetrameric complex in the membrane [5]. Proper
association of the two proteins is essential for both proteins to achieve stability and active
conformation and therefore the overall function of the transporter complex [5, 6].
ABC proteins typically consist of a 200 amino acid-long ABC cassette normally located
within the N-terminal domain (NTD) of the NBD. It contains all the conserved motifs required
for ATP binding and hydrolysis, including Walker A, Q-loop, Signature motif, Walker B, and
the Switch motif [7] [8, 9] (Fig. 1A). While the function of the ABC cassette has been the
subject of intense investigation, the role of the C-terminal domain (CTD) of the NBD has
remained largely unexplored. This is possibly due to the fact that the sequence of CTD is highly
variable except in closely related ABC proteins. Recent studies have, however, shown that this
additional sequence (when present) at the C-terminus of the NBD may be associated with
specialized functions [10, 11]. The crystal structures of many of these ABC proteins reveal that
despite the diversity present in their amino acid sequence, the CTDs contain a common β-sheet
fold indicating that this structure may be critical for the function [10-12]. Previously developed
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DrrA homology model using MalK structure as the template showed that the CTD of DrrA also
contains a β-sheet-rich structure similar to the one seen in other ABC proteins [13]. Within the
CTD of DrrA we identified three novel motifs/domains [13].

Two of these motifs, DEF

(previously referred to as LDEVFL, [13]) and CREEM, present in the extreme C terminus of
DrrA, are conserved among close prokaryotic and eukaryotic homologs belonging to the DRA
family of ABC proteins and were previously shown to be critical for catalytic function and
assembly of the DrrAB transporter. [13].
This study focuses on the third conserved domain, GATE (Glycine-loop And Transducer
Element) (previously described as LDEAD, [13]) whose function remains completely unknown.
This 33 amino acid region (residues 199-231) is located immediately downstream of the Switch
motif and is conserved among close homologs of the DRA family as well as ABC proteins from
other distantly-related families. Based on the biochemical and structural analyses shown in this
article, we propose that the GATE domain is an additional element that plays a critical role in the
catalytic function of the DrrAB complex
3.2
3.2.1

Materials and Methods
Bacterial Strains, Plasmids, and Antibodies
The bacterial strains used in this study were E. coli TG1, N43, LE392ΔuncIC, CC118,

and XL1-Blue. The plasmids used in the present study were constructed previously in this lab
and included pDx101 (drrAB in pSU2718, [5]), pLA330 (drrA::lacZ fusion in pMLB1069,
pLAB15 (drrA and the first 45 base pairs of drrB::lacZ fusion in pMLB1069), and pLAB283
(full length drrA-drrB::lacZ fusion in pMLB1069 [5] [14], and the resulted fusion proteins were
LA330, LAB15 and LAB283, respectively. Various point mutations/substitutions were created
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in drrA and drrB genes in the above plasmids. For Western blot analysis, rabbit polyclonal
antibodies against DrrA and DrrB proteins were used [15].
3.2.2

Media and Growth Conditions
LB medium was routinely used for growth of E. coli cells except that NYZ+ broth was

used for site-directed mutagenesis [7] and TEA medium [16] for Dox efflux experiments.
3.2.3

Site-directed Mutagenesis of DrrAB
Mutations were introduced using the QuickChange site-directed mutagenesis kit

(Stratagene) as described previously [13].
3.2.4

Measurement of β-galactosidase Activity
β-galactosidase activity of the fusion proteins was determined as described previously

[17].
3.2.5

Dox Resistance Assay
This assay was performed as described previously [18].

3.2.6

Dox Efflux Assay
Dox efflux assay was carried out using inside-out vesicles (IOVs) bearing wild type

(WT) DrrAB or indicated mutants, as described previously [16].
3.2.7

ATP Binding Assay
The assay and quantitation was performed as described previously [7]. The reactions

were performed either in the absence (-) or presence (+) of 35 µM Dox.
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3.2.8

ATP Activity Assay
ATPase activity was detected in IOVs as described previously [16]. The relative ATPase

activity of each mutant was obtained by dividing the activity of each mutant by the activity of
wild type.
3.2.9

Modeling Analysis
The crystal structure of MalK (PDB: 1Q12 [9]) was used as a template for the modeling

analysis of DrrA. Program AMMP was used for modeling analysis following the methods
described in previous studies [19, 20].
3.3
3.3.1

Results and Discussions
Identification of a Conserved Domain ‘GATE’
A schematic of DrrA showing the 198 amino acid-long NTD [7] and a 132 amino acid

CTD (residues 199-330) is presented in Fig. 1A.

In this study, we studied a previously

uncharacterized domain GATE which is located 104 amino acids upstream of DEF in a region
immediately following the Switch motif (Fig. 1A). This domain is highly conserved not only
among close DrrA homologs belonging to the DRA family of ABC proteins (Fig. 1B.1 and 1B.2)
but also in diverse ABC proteins, albeit with varying degrees of similarity (Fig.1B.3).
Homology in the GATE region extends across the entire length of the 33 residues with E201,
G215, G221, L226, K227, and G231 being the most highly conserved among DRA family (Fig
1B, conserved residues marked in red). Strikingly, three of these conserved residues are glycines
(Figs. 1B.1 and 1B.2). Two of these glycines, G215 and G221, are also highly conserved among
distant homologs (Fig 1B.3). Although no member of the DRA family has been crystallized so
far, the crystal structures of several other ABC proteins, including MalK, ModC, Pgp, and
Sav1866 are available [9, 10, 21, 22].

A comparison of the different crystal structures
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interestingly shows a high structural conservation in the region of the GATE domain.
Specifically, we found that this region contains two β-sheets sandwiched by an α-helix or a loop
on either side (Fig. 1C), which is also seen in the homology model of DrrA [13] (Fig. 1C.1). The
highly conserved residue G215 (or the corresponding glycine) is present in the turn region
between the two β-sheets in each structure. This loop has thus been termed the ‘Gly-loop’ (Gloop) in this article.
3.3.2

Highly Conserved Glycine G215 Found in GATE is Critical for DrrAB Stability
To further understand its function, site-directed mutagenesis of conserved residues in

GATE was carried out. Western blot analysis of the membrane fractions generated from these
mutants showed that the expression of DrrA and DrrB was affected to varying degrees in
different mutants (Fig. S1). The most striking phenotype was observed with mutations in residue
G215 which resulted in complete abolishment of DrrB expression (Figs. S1A and 1B, lanes 6-8).
Translation of the drrA or drrAB genes was however unaffected by G215A mutation as
determined by β-galactosidase activity of different translational fusions carrying the G215A
allele (Fig S1.C). Therefore, a post-translational effect must be responsible for the observed
drastic effect of G215A on DrrA and DrrB stability. Effect of G221A/S and G231A/S mutations
on expression of DrrAB was also studied. Western blot analysis showed that G221A and G221S
mutants also exhibited lower levels (30-45%) of DrrA and DrrB expression (Fig. S1A, lanes 9
and 10). However, G231 could be mutated to Alanine or Serine without affecting expression
(Fig. S1A, lanes 12-13), indicating that this residue is not involved in stability but it may play a
specific role in function, as shown later. Because of their limited or no expression, G215A/S/P,
and G221A were not chosen for further biochemical analysis. G215A was however used for
structural analysis, as shown later.
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3.3.3

Role of GATE in DrrAB function
Effect of mutations in the conserved GATE residues on Dox resistance and efflux was

determined, as described under Experimental Procedures. Dox resistance assays showed varying
levels of sensitivity to Dox in E. coli cells containing different GATE mutations (Table S1). Dox
efflux analysis showed that E201D, G221S, K227R, and G231A/S mutations produce severe
reduction in the efficiency of Dox efflux (Fig. 2A). The efflux efficiency of these five mutants
was found to be comparable to Dox efflux in E165Q mutation [7] which served as a negative
control in these assays. These results are largely consistent with the results of the Dox resistance
assay, therefore suggesting that these four conserved residues are critical for DrrAB function.
Surprisingly, L205V and L226V mutations showed higher Dox efflux efficiency than wild type
DrrAB, which is addressed later.
To determine if reduction of Dox efflux by the GATE mutants described above is due to
affected ATP-binding, UV-induced [α-32P] ATP binding to DrrA was analyzed (Fig. 2B).
E201D and G221S showed reduced ATP binding efficiency (15% and 45%, respectively), again
indicating their importance in function. Of special interest however were the mutants that
showed normal expression of DrrA and DrrB (Fig. S1) but drastically diminished Dox efflux, for
example, K227R, G231A and G231S (Fig. S1 and Fig 2A). We found that the G231S mutant
showed significantly reduced ATP binding (30%) (Fig. 2C), which may explain the reduced
efficiency of Dox efflux by this mutant.

Surprisingly, however, both K227R and G231A

retained between 90-100% ATP binding efficiency (Fig. 2C), indicating that the function of
K227R and G231A may be compromised in a later stage of catalysis, such as hydrolysis of ATP
or signal transduction between DrrA and DrrB. The data in Fig. 2D show that the ability of the
K227R mutant to hydrolyze ATP is indeed drastically affected despite wild type levels of ATP
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binding. Interestingly, ATP hydrolysis by K227R was found to be comparable to the E165Q
mutation [7, 16]. Note that the residue E165 in DrrA corresponds to the well-characterized
catalytic base present near the Walker B motif, which is critical for hydrolysis of ATP by ABC
proteins [1, 8, 16, 23]. Therefore, a similar phenotype of the K227R and E165Q mutants
highlights the importance of the GATE residues in catalysis.

Finally, G231A and G231S

mutations also showed drastic effect on ATP hydrolysis by DrrAB. Once again, the effect of
G231S was more severe than G231A (Fig. 2D), which is in agreement with both the ATP
binding and Dox efflux data. Since the serine substitution of G231 is expected to make the
structure of the region more rigid than alanine, these data indicate that the flexibility conferred
by these glycines is critical for function, as shown previously for glycines found in the ‘turn’ and
‘bend’ regions of many other proteins [24]. Interestingly, both L205V and L226V mutations
exhibited only about 50% ATP hydrolysis activity (Fig. 2D) although they show higher than
wild-type levels of Dox efflux (Fig. 2A). The implication of these findings is not clear at this
point, however it may be suggested that the substitution of Leu to Val in these locations may
allow better communication between DrrA and DrrB than seen in wild type DrrAB thus resulting
in more efficient Dox efflux. Overall, based on the analyses described so far, we conclude that
several highly conserved residues in GATE are critical for the integrity and catalytic function of
the DrrAB complex.
3.3.4

Structural analysis of GATE
To gain further insights into the mechanism of function of GATE, atomic analysis of the

GATE domain was carried out. Since the crystal structure of the DrrA protein is so far not
available, the ATP-bound (PDB access code: 1Q12) and ATP-free (PDB access code: 1Q1E)
forms of the E. coli MalK [9] were therefore used for analyzing the GATE domain. Based on
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their sequence alignment (Fig. 1B), the highly conserved residue G215 in DrrA is aligned with
G210 in MalK. Our analysis showed that in the ATP-bound conformation of MalK, residue
G210 lies in close proximity to the Walker A motif within the same chain of MalK (Fig. 3A),
and a direct hydrogen bond of the N-H...O type with a distance of 2.9 Å is formed between NH
group of G210 and carboxylate oxygen of C40 (located within Walker A) (Fig. 3A). Notably,
the CA (main chain carbon atom) of G210 also forms two unconventional C-H...O interactions
with C40 and V18 at the distance of 3.4 Å and 3.3 Å, respectively (Fig. 3A). Both C40 and V18
in MalK were previously shown to make direct contacts with ATP bound to the interface of the
MalK dimer [9]. C40 forms a hydrogen bond with the β phosphate of ATP, whereas V18
stabilizes ATP through van der Waal interactions with the ribose of ATP. Similar atomic
bonding patterns between G210 and the Walker A residues were also observed in the open state
of MalK (Fig. 3B) though minor variations in distances between atoms were seen, suggesting
that the interactions between these residues are maintained both in the open and the closed states
and probably during the entire catalytic process.
Superimposition of the open and closed states of MalK, interestingly, showed that a
conformational change from the open (shown in slate, Fig. 3C) to the closed state (shown in
cyan) results in a movement of C40 by 5.4 Å (residue shown in red, distance was measured
between the main chain carbon (CA) atoms) and of V18 by 6.9 Å (not shown). Interestingly, a
comparable and parallel movement of G210 in the G-loop (5.0 Å, residue shown in yellow) was
also observed. Conformational changes are also observed in other important motifs of the NBD
as well as the entire G-loop region (consisting of A209 and G210) and the two surrounding βsheets (Fig. 3C). No significant conformational changes were observed in other regions between
the open and closed structures (Fig. 3C). These observations imply that ATP binding not only
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produces general conformational changes in the regions involved in ATP-binding, but also in the
G-loop of the GATE domain. Interestingly, the Walker A motif itself contains three highly
conserved glycines (with the consensus sequence of GxxGxGKS/T; x, any AA). These glycines
make hydrogen bond contacts with β-phosphate of the ATP molecule [9] and have been shown
to affect ATP-binding ability and/or folding of transporters [7, 25]. When viewed together, three
glycines of the Walker A and G210 in the G-loop lie in close proximity to each other (ranging
from 5.4 to 9.4 Å) (Fig. 3D). Since G210 makes a parallel movement with the Walker A
residues in the ATP-bound state (Fig. 3C), it may be reasonable to propose that the conserved
G210 in G-loop and the three conserved glycines of Walker A are all important for constituting
the ATP binding pocket. On the other hand, a structural explanation for the role of G221 in
function of DrrA could not be determined as the corresponding residue G216 in MalK did not
show any significant interactions.

Moreover, residues G231 and K227 of DrrA are only

conserved in the GATE domain of the close DRA family members for which crystal structures
are so far not available, therefore their interacting partners could not be identified in the MalK
structure.
To determine if the structural features of MalK also apply to the DrrA model, a threedimensional homology model of wild type ATP-bound DrrA dimer was generated. This model
generally supported the findings from the MalK crystal structure in terms of the proximity and
interactions between G215 and residues in the Walker A motif. We found that G215 (G210 in
MalK) lies in close proximity to the Walker A residues A45 (which corresponds to C40 in MalK,
[7]) and A23 (corresponding to V18 in MalK) and forms C-H...O interactions with A45 and A23
(Fig. 4A). Moreover, the three conserved glycines (G41, G44 and G46) in the Walker A motif
and G215 in the G-loop of GATE were also found to have the same arrangement (Fig. 4E) as

80

seen in MalK (Fig. 3D). Molecular modeling analysis can also allow a comparison of the
structures of wild type DrrA and mutants, therefore two of the most interesting mutations
uncovered in this study, G215A and K227R, were introduced into both monomers of the wild
type DrrA dimer model and were analyzed for atomic interactions. Interestingly, G215A
mutation resulted in loss of hydrogen bonding between G215 and A45 as well as A23 (Fig. 4B),
suggesting that the space around residue 215 can only accommodate glycine but not alanine.
Therefore, based on the structural analysis presented here, we propose that the drastic effect of
G215 mutations on stability of the DrrAB complex may occur indirectly through the effect of
these mutations on the integrity of the ATP-binding pocket, which also supports our proposal
that the ATP binding pocket is formed by the Walker A residues as well as G215.
Structure modeling of the K227R allele of DrrA was also carried out, which showed that
this mutation prevents one essential hydrogen bond (required for ATP hydrolysis, [1, 9]) present
in wild type DrrA between the Switch residue Q197 and the γ-phosphate of ATP (ATPγP) (Fig.
4C and 4D). In most ABC proteins the Switch motif contains a highly conserved histidine,
which is critical for hydrolysis of ATP [1, 9, 23]. In DrrA, this histidine is naturally substituted
with a glutamine at position 197 (Fig. 1B). Mutation of this glutamine to histidine completely
abolished the ATPase activity and Dox efflux functions of the DrrAB complex [16]. We also
showed that the Switch residues Q197Y198 are together critical for signal transduction between
DrrA and DrrB [16], indicating the critical role of the Switch region to the functionality and
conformation of DrrAB. In this study, we found that the K227R allele in GATE affects the
distance of Q197 from γ-ATP and produces a similar effect on the ATPase and Dox efflux
activities as seen with Q197H [16] or E165Q (Fig. 2), two critical residues believed to form a
catalytic dyad in ABC proteins [16]. Thus it may be concluded that the GATE domain either
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participates directly in catalysis or regulates the catalytic function of DrrA via its effects on the
conserved motifs of the NBD. Future studies will investigate the interaction of the GATE
domain with other conserved motifs as well as its participation in the molecular mechanism of
energy transduction.
3.4

References

[1] Davidson AL, Dassa E, Orelle C, Chen J. Structure, function, and evolution of bacterial ATPbinding cassette systems. Microbiol Mol Biol Rev. 2008;72:317-64, table of contents.
[2] Borges-Walmsley MI, McKeegan KS, Walmsley AR. Structure and function of efflux pumps
that confer resistance to drugs. Biochem J. 2003;376:313-38.
[3] Guilfoile PG, Hutchinson CR. A bacterial analog of the mdr gene of mammalian tumor cells
is present in Streptomyces peucetius, the producer of daunorubicin and doxorubicin. Proc Natl
Acad Sci U S A. 1991;88:8553-7.
[4] Holland IB. ABC proteins: from bacteria to man. London; San Diego, CA.: Acad Press;2003.
[5] Kaur P, Russell J. Biochemical coupling between the DrrA and DrrB proteins of the
doxorubicin efflux pump of Streptomyces peucetius. J Biol Chem. 1998;273:17933-9.
[6] Pradhan P, Li W, Kaur P. Translational coupling controls expression and function of the
DrrAB drug efflux pump. J Mol Biol. 2009;385:831-42.
[7] Rao DK, Kaur P. The Q-loop of DrrA is involved in producing the closed conformation of
the nucleotide binding domains and in transduction of conformational changes between DrrA
and DrrB. Biochemistry. 2008;47:3038-50.
[8] Smith PC, Karpowich N, Millen L, Moody JE, Rosen J, Thomas PJ, et al. ATP binding to the
motor domain from an ABC transporter drives formation of a nucleotide sandwich dimer. Mol
Cell. 2002;10:139-49.

82

[9] Chen J, Lu G, Lin J, Davidson AL, Quiocho FA. A tweezers-like motion of the ATP-binding
cassette dimer in an ABC transport cycle. Mol Cell. 2003;12:651-61.
[10] Gerber S, Comellas-Bigler M, Goetz BA, Locher KP. Structural basis of trans-inhibition in
a molybdate/tungstate ABC transporter. Science. 2008;321:246-50.
[11] Kadaba NS, Kaiser JT, Johnson E, Lee A, Rees DC. The high-affinity E. coli methionine
ABC transporter: structure and allosteric regulation. Science. 2008;321:250-3.
[12] Cuthbertson L, Kimber MS, Whitfield C. Substrate binding by a bacterial ABC transporter
involved in polysaccharide export. Proc Natl Acad Sci U S A. 2007;104:19529-34.
[13] Zhang H, Pradhan P, Kaur P. The extreme C terminus of the ABC protein DrrA contains
unique motifs involved in function and assembly of the DrrAB complex. J Biol Chem.
2010;285:38324-36.
[14] Solomon KA, Hsu DK, Brusilow WS. Use of lacZ fusions to measure in vivo expression of
the first three genes of the Escherichia coli unc operon. J Bacteriol. 1989;171:3039-45.
[15] Kaur P. Expression and characterization of DrrA and DrrB proteins of Streptomyces
peucetius in Escherichia coli: DrrA is an ATP binding protein. J Bacteriol. 1997;179:569-75.
[16] Li W, Sharma M, Kaur P. The DrrAB efflux system of Streptomyces peucetius is a
multidrug transporter of broad substrate specificity. J Biol Chem. 2014;289:12633-46.
[17] Gandlur SM, Wei L, Levine J, Russell J, Kaur P. Membrane topology of the DrrB protein of
the doxorubicin transporter of Streptomyces peucetius. J Biol Chem. 2004;279:27799-806.
[18] Kaur P, Rao DK, Gandlur SM. Biochemical characterization of domains in the membrane
subunit DrrB that interact with the ABC subunit DrrA: identification of a conserved motif.
Biochemistry. 2005;44:2661-70.

83

[19] Fang B, Fu G, Agniswamy J, Harrison RW, Weber IT. Caspase-3 binds diverse P4 residues
in peptides as revealed by crystallography and structural modeling. Apoptosis. 2009;14:741-52.
[20] Fu G, Chumanevich AA, Agniswamy J, Fang B, Harrison RW, Weber IT. Structural basis
for executioner caspase recognition of P5 position in substrates. Apoptosis. 2008;13:1291-302.
[21] Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, et al. Structure of P-glycoprotein
reveals a molecular basis for poly-specific drug binding. Science. 2009;323:1718-22.
[22] Dawson RJ, Locher KP. Structure of a bacterial multidrug ABC transporter. Nature.
2006;443:180-5.
[23] Zaitseva J, Jenewein S, Jumpertz T, Holland IB, Schmitt L. H662 is the linchpin of ATP
hydrolysis in the nucleotide-binding domain of the ABC transporter HlyB. EMBO J.
2005;24:1901-10.
[24] Coleman MD, Bass RB, Mehan RS, Falke JJ. Conserved glycine residues in the cytoplasmic
domain of the aspartate receptor play essential roles in kinase coupling and on-off switching.
Biochemistry. 2005;44:7687-95.
[25] Saveanu L, Daniel S, van Endert PM. Distinct functions of the ATP binding cassettes of
transporters associated with antigen processing: a mutational analysis of Walker A and B
sequences. J of Bio Chem. 2001;276:22107-13.

84

Figure 3.1: Amino Acid sequence alignment and tertiary structure of the GATE domain.
(A) A schematic representation of the conserved domains/motifs in DrrA. The NTD and CTD of
DrrA and their conserved motifs are shown. Numbers indicate the location of specific amino
acid residues. (B) Amino acid sequence alignment of residues in the GATE domain with close
and distant homologs of the ABC superfamily. (B.1) and (B.2) alignment of GATE residues of
DrrA with the corresponding region of NBD 1 and 2 of close homologs of the DRA family.
(B.3) alignment of GATE residues of DrrA with diverse ABC proteins. Switch motif, green;
highly conversed residues, red; similar residues, blue. The accession number and source of each
protein is provided under supplementary data. (C) Tertiary structure of the GATE domain.
(C.1) structure of the GATE domain derived from an established model of DrrA [13]. Key
residues E201, G215, G221, and G231 are marked in blue, yellow, pink and purple, respectively.
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Equivalent residues in the structures of other ABC homologs (C.2, C.3 and C.4) have the same
labels. The PDB accession numbers are provided under supplementary data. N, N-terminus; C,
C-terminus.
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I have contributed to the data in this figure.
Figure 3.2: Functional analysis of GATE mutants.
(A) The effect of point mutations in GATE on Dox efflux by DrrAB. Dox efflux was carried out
in IOVs prepared from E. coli, as described under Methods. The background efflux (E. coli
containing empty vector) was subtracted from WT (E. coli containing pDX101) and mutants.
Efflux efficiency was calculated as the mutant slope/WT slope within one set. Dox efflux
efficiency of WT was designated as 1. (B) The effect of GATE mutations on ATP-binding to
DrrA. (Top) a representative autoradiogram showing [α-32P] ATP binding to cell membranes
containing WT DrrAB and GATE mutants. (Bottom) Western blot analysis of samples from
above using anti-DrrA antibodies. (C) A histogram showing ATP binding efficiency to GATE
mutants. The ATP-binding efficiency was calculated as binding to mutant/WT with the
efficiency of WT sample designated as 1.

(D) A histogram showing the effect of GATE
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mutations on ATP hydrolysis. The efficiency of ATP hydrolysis was calculated as the ratio of
hydrolysis by mutant/WT with the efficiency of WT sample designated as 1. Data in Fig. 2A, C,
and D represent an average of three independent experiments with error bars showing standard
deviation.
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Figure 3.3: Structural analysis of MalK.
(A-B) Hydrogen bond interactions around residue G210 in the crystal structure of the ATPbound (1Q12) (A) and ATP-free (1Q1E) (B) states of MalK [9]. (C) Superposition of ATPbound (in cyan) and ATP-free (in slate) forms of MalK. The NBD motifs and GATE domain are
shown.

Residue C40, red; G210, yellow.

(D) ATP-bound MalK (1Q12) showing highly

conserved glycines from both Walker A and GATE. O, oxygen; N, nitrogen; CA, main chain
carbon. Numbers by dashed lines represent the distances between two atoms in Å.
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I have contributed to the data in this figure.
Figure 3.4: Modeling analysis of Wild type DrrA and mutants.
Wild type DrrA (A) and G215A mutant (B) showing hydrogen bond interactions between
G/A215-A23 and G/A215-A45. Wild type DrrA (C) and K227R mutant (D) showing the
presence or absence of a hydrogen bond between residue Q197 and ATPγP. (E) ATP-bound
DrrA showing highly conserved glycines from both Walker A and GATE.
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4

CHAPTER III: METAGENOMIC APPROACHES TO IDENTIFY NOVEL

ORGANISMS FROM THE SOIL ENVIRONMENT IN A CLASSROOM SETTING

Molecular Microbial Metagenomics is a research-based undergraduate course developed at
Georgia State University. This semester-long course provides hands-on research experience in
the area of microbial diversity and introduces molecular approaches to study diversity. Students
are part of an ongoing research project that uses metagenomic approaches to isolate clones
containing 16S ribosomal ribonucleic acid (rRNA) genes from a soil metagenomic library. These
approaches not only provide a measure of microbial diversity in the sample but may also allow
discovery of novel organisms. Metagenomic approaches differ from the traditional culturing
methods in that they use molecular analysis of community DNA instead of culturing individual
organisms. Groups of students select a batch of 100 clones from a metagenomic library. Using
universal primers to amplify 16S rRNA genes from the pool of DNA isolated from 100 clones,
and a stepwise process of elimination, each group isolates individual clones containing 16S
rRNA genes within their batch of 100 clones. The amplified 16S rRNA genes are sequenced and
analyzed using bioinformatics tools to determine whether the rRNA gene belongs to a novel
organism. This course provides avenues for active learning and enhances students’ conceptual
understanding of microbial diversity. Average scores on six assessment methods used during
field testing indicated that success in achieving different learning objectives varied between 84%
and 95%, with 65% of the students demonstrating complete grasp of the project based on the
end-of-project lab report. The authentic research experience obtained in this course is also
expected to result in more undergraduates choosing research-based graduate programs or careers.
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4.1

Introduction
Most universities in the US like to provide at least one signature experience to their

undergraduates during their four-year degree program. For Biology majors, the most significant
signature experience can come from hands-on involvement in a research project either by
becoming part of a research team or working with individual research faculty. Since it is often
not practical for all Biology majors to experience research in faculty members’ laboratories, an
alternate approach is to develop research-based laboratory courses.

Most traditional

undergraduate laboratory courses consist of a series of independent experiments with known
outcomes designed to provide students with experience of the basic laboratory techniques. Such
courses, however, do not foster active learning nor do they encourage new discoveries. On the
other hand, the goal of a research-based course is to engage students in inquiry-based
experiments. We have developed a new research-based undergraduate laboratory course (titled
‘Molecular Microbial Metagenomics’, M3) for Biology students at Georgia State University
(GSU). The central idea of the course is based on understanding and analyzing microbial
diversity. This course encourages active learning through hands-on laboratory experiments, data
collection, analysis, evaluation and synthesis, as well as class discussion and writing exercises,
thus providing an authentic research experience which is beneficial to undergraduates for
developing analytical and critical thinking skills [1-3].

In addition, this semester-long course

allows students to develop laboratory skills in the areas of microbiology, molecular biology, and
bioinformatics with the additional possibility of discovering novel species of bacteria and
archaea.
Microorganisms occupy every niche on our planet, yet due to our limited ability to
cultivate them less than 1% of the organisms have been identified [4, 5]. However, the use of
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metagenomic approaches in recent years has provided valuable tools to tap into the large
diversity found in different ecological niches [6, 7]. Metagenomics refers to culture-independent
analysis of a community of organisms [8, 9] and involves characterization of community DNA
isolated from an environmental niche [10]. The community genomic DNA is normally captured
in cloning vectors resulting in large metagenomic libraries, which can then be screened either for
specific nucleotide sequences or by functional analysis [11]. One sequence-based screening
approach (used in this course) consists of using small subunit ribosomal RNA gene (16S rRNA
gene) as a “phylogenetic anchor” [12]. 16S rRNA (or 18S in eukarya) is useful as an “anchor”
because this molecule is found in all living organisms and has highly conserved structure and
function [12]. Additionally, the 16S rRNA molecule contains variable regions that differ among
species, genera, or domains of organisms [8, 12].

Thus, diversity of 16S rRNA genes in

community DNA can be studied by using universal, domain, or species-specific nucleotide
probes [9], which serves as an indicator of the diversity of organisms in a particular niche.
Identification of a novel (previously unidentified) 16S rRNA gene in the DNA pool can therefore
lead to identification of previously unreported lineages of organisms. This approach is very
powerful, as evidenced by a similar study which used 16S rRNA gene-based approaches and
showed the presence of the archaea-like rhodopsin gene in marine bacteria [13]. Contrary to the
previous belief that this form of light-dependent energy conservation is unique to Haloarchaea,
the discovery of the bacteriorhodopsin gene in ϒ-Proteobacteria suggested that it likely occurs
commonly in ocean waters [13].
In the Molecular Metagenomics course, students work with a large soil metagenomic
library with about 80,000 DNA clones. The library was constructed by isolating community
DNA from top 10 cm of agricultural soil sample from a corn field [14]. Recent phylogenetic
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analyses suggest that soil may contain bacteria spanning at least 13 different phyla as well as
clades of archaea previously not known to exist in soil [8, 15]. Most of this diversity in soil
remains uncultured, therefore metagenomic analysis could reveal a variety of novel species
belonging to many different phyla of bacteria, including Actinobacteria, Proteobacteria,
Cynaobacteria, and Firmicutes as well as archaea of methanogenic, halophilic, and thermophilic
groups. Thus, the screening of clones in our soil library provides opportunities for open-ended
investigations as in a real research project.
Metagenomics-related laboratory modules are now being increasingly implemented in researchbased and inquiry-based undergraduate instructional labs [16-20]. In a course similar to the M3
course [20], Gibbens et al developed an introductory biology course consisting of four modules
of 100 minutes duration each, which included both sequence-based and function-based analyses
of the metagenome prepared from environmental samples.

While this course provides an

excellent overview of the potential applications of metagenomics, our semester-long M3 course
provides an in-depth experience focused on sequence-based analysis of the soil metagenome.
Using a step-wise process to isolate 16S rDNA-containing clones from the library, this course
imprints the analytical process, increases confidence and understanding of the research process,
and promotes critical thinking. To our knowledge, this is the first exhaustive project-based
undergraduate course using metagenomics to study microbial diversity. We expect that the skills
gained in this course combined with the possibility of discovery will spark a lasting interest
among undergraduates for scientific research, as discussed in a commentary by Weaver et al
2008 [21].
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4.2

Intended Audience and Prerequisite Student Knowledge
This course is currently being offered at GSU as a four credit hours 4000-level theme-

based biology laboratory course. It was designed for upper division undergraduate students
majoring in biology, and prerequisites include 2000/3000-level introductory biology courses.
Students should have fundamental understanding of the scientific method, aseptic technique, and
preparation of solutions as well as have some experience in using basic laboratory equipment,
such as micropipettes and microcentrifuges. These requirements could be waived if sufficient
background information is provided by the instructor and more time is spent on explanation and
demonstration of the basic laboratory techniques.
4.3

Learning Time / Objectives
The molecular metagenomics course offered at GSU is a 14 weeks course (one full

semester) that meets for two and half hours twice a week. The major goal is to identify, isolate,
and analyze clones containing 16S rRNA gene from a soil metagenomic library. The learning
objectives for this course are as follows:
1. Define and demonstrate understanding of the concept of microbial diversity and
molecular phylogeny.
2. Compare and contrast traditional culture-dependent methods and the culture-independent
metagenomic approaches.
3. Gain knowledge and demonstrate ability to perform basic molecular biology techniques.
4. Record and Interpret observations.
5. Use bioinformatics tools to determine phylogenetic relationships.
6. Develop analytical and critical thinking skills through synthesis and communication of
findings.
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7. Design primers and follow-up experiments.
8. Critically analyze scientific papers and engage in discussion.
4.4
4.4.1

Materials and Methods
Materials and Student Instructions
A detailed list of all required materials for the course, sequences of primers, recipes for

solutions, and protocols for each week are provided in the laboratory manual (Appendix I)
previously developed by us and printed through University Readers [22]. The metagenomic
library may be obtained from Dr. Trevor Charles or Dr. Parjit Kaur upon request. Further
information about this library can be obtained at Canadian MetaMicroBiome Library [14].
4.4.2

Faculty Instructions

4.4.2.1 Project Description
A detailed outline of the project and the steps of the procedure are provided in the lab
manual (Appendix I) and in Fig. 1. Briefly, students will be given a small aliquot of Escherichia
coli cells containing the metagenomics library [14], which they will dilute and plate on nutrient
agar plates containing tetracycline (Fig 1A). Each group of students will then select 100 colonies
to work with, and by a process of elimination they will isolate clone(s) containing 16S rRNA
gene sequences. The amplified 16S DNA will be sequenced, followed by phylogenetic analysis.
4.4.2.2 Lab Preparation
Detailed faculty instructions (timeline of each activity and a week-by-week guide for lab
preparation) are provided in Appendix II.1A. Topics covered in each class and time spent by
students is provided in Appendix II.1B. Initially instructors should demonstrate dilution of the
library and spreading of cells on agar plates, preparation of master plates, inoculation and
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growing cells in liquid media, isolation of cosmid DNA, and PCR amplification. As the project
progresses, students will have ample opportunities to master these methods.
4.4.2.3 Outcomes and Issues for Discussion with Students
Much like in real research, the results for this project are not guaranteed. Thus, it is
possible that the batch of 100 clones selected by a group of students may not contain a 16S
rRNA gene, which could prevent the group from moving forward with their planned
experiments. The instructors should discuss this possibility with the students in advance and
notify them that a positive clone will be provided to group(s) not able to find a 16S rRNA genecontaining clone in the selected batch.

A positive clone is any previously identified

metagenomic clone carrying the 16S rRNA gene. E. coli containing this plasmid should be
provided during the division of 100 clones to batches of 20 (week 4) by replacing one of their
clones without notifying the students which clone was replaced so that they may continue to
have the experience of identifying the single clone(s) carrying 16S rRNA gene. A positive clone
can be provided by us upon request. It is recommended however that if clone(s) containing 16S
rRNA gene are discovered by one or more groups in the class, the instructors should make a
stock of the E. coli cells carrying this clone for future use.
4.4.3

Suggestions for Determining Student Learning
Several methods of evaluation can be used to assess student learning during this course,

including pre and post-class surveys (Appendix III.1), quizzes, regular lab notebook checks,
class exercises/assignments, participation and discussion of scientific literature, and final lab
report (Table 1). The grading rubrics for lab report, lab notebook checks, exercises/assignments,
paper discussion and participation are available in Appendix II.3, guide for preparation of the lab
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report and lab notebook are in Appendix III.2 and III.3, and samples of students’ work, including
partial lab notebook, design exercise, and lab reports, are available in Appendix IV.
4.4.4

Sample Data
The data obtained from the Undergraduate Summer Research Pilot (see Field testing) are

shown under supplementary data in Appendix V (Fig S1). Individual clones containing 16S
rRNA gene were isolated from analysis of 500 clones in 5 batches in a step-wise manner, as
described under faculty instructions. Of the five batches, three (batches 3, 4, and 5) resulted in
the expected 825-bp 16S rRNA gene PCR product (Fig S1, panel A). Batch 5 was used for
further analysis and was reduced from 100 colonies to 10 groups of 10 colonies each. PCR
analysis resulted in expected fragment in group 61-70 (Fig S1, panel B). Individual clones from
group 61-70 provided three candidates which resulted in the expected 825 bp fragment: clone 61,
69, and 70 (Fig S1, panel C).
Using BLAST all three metagenomic 16S rRNA sequences were assigned to domain
Archaea with 93-99% identity to uncultured archaea of the phylum Crenarchaeota in this
database. RDP Classifier confirmed this prediction with high confidence of prediction (55100%) (Table S1). This analysis also predicted, albeit with low confidence, that clone 69, 61,
and 70 belonged to the genus Fervidicoccus, Thermocladium and Caldisphaera, respectively.
The low confidence of prediction at the genus level suggested that these sequences may represent
either novel species or even novel genera of archaea. Moreover, similar sequences found in the
databases were all from uncultured Archaea, which demonstrated to the students the importance
of culture-independent methods of studying the microbial world. It is surprising that organisms
belonging to the thermophillic genera normally found in hot springs were isolated from our
agricultural soil metagenomic library. To further study the molecular relationship between these
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sequences and the known 16S sequences of the thermophilic archaeal species in the NCBI
database, a preliminary phylogenetic tree was developed using the tree construction feature of
ClustalW (Fig S2).
4.4.5

Safety Issues
Students will work with non-pathogenic E. coli strain classified as biosafety level 1

organism. Please refer to the ASM Guidelines for Biosafety in Teaching Labs for safe handling
of microorganisms in the teaching lab. Students are required to maintain aseptic techniques and
wear lab coats, goggles and gloves at all times during experimentations. Instructors should
follow university guidelines for fire safety in labs when students are working with Bunsen
burners. All chemicals in this course, including tetracycline and boric acid, are low risk as
biohazardous agents, but should be discarded according to the university biohazard waste
disposal guidelines when necessary.
4.5
4.5.1

Discussion
Field Testing
After the development of protocols, proof-of-concept was first tested in an 8-week

Summer Pilot Program in 2012 with five students chosen from diverse backgrounds. Based on
the success of the pilot, the semester-long course was then offered during the spring semesters in
2014 with 9 students and in 2015 with 7 students.
4.5.2

Evidence of Student Learning
Assessment measures for the Summer Pilot Program included pre/post-class surveys

completed by five students chosen as participants. The survey results (Fig. 2) revealed that even
though students had some familiarity with the concept of microbial diversity and molecular
techniques before the pilot, their knowledge was limited. Most students had a very limited
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knowledge of metagenomics or its application to study microbial diversity. At the end of the
program, however, every student showed full understanding of metagenomics and how these
approaches differ from the traditional culturing methods. The median score on the pre-class
survey was 25%, which increased to 100% on the post-class survey. A sample of student
responses on the surveys is provided in Appendix III.1.
The two semester-long courses included a total of 16 students. Various methods utilized
for assessment of learning objectives are shown in Table 1. Learning outcomes shown in Fig. 3
represent averages for the two courses offered in 2014 and 2015. The data in Fig. 3A and Table
1 show that average score for different learning objectives using 6 assessment methods varied
from 84%-95%, with an overall average grade of B+ in the two courses. Further breakdown of
the assessment scores for the quizzes (Fig. 3B) and lab reports (Fig. 3C) was also carried out.
Analysis of the selected quiz questions showed that the average score varied between 67-97%
with the lowest average score seen on Q5 (purpose of restriction digestion in their protocol).
Although the students generally knew what restriction enzymes do (also seen in survey results,
Fig. 2), they did not fully grasp the purpose of restriction digestion of their cosmid DNA, which
needs better explanation. The end-of-the-project lab report was graded on the content of each
section of the report and the overall style. The average score using the provided assessment
rubrics varied between 74-97%, with the lowest average score seen in the Results section (Fig.
3C), indicating that students had difficulty with communicating rationale and summarizing
results which will need more emphasis in the future. Two additional criteria were established to
assess student learning from the lab reports: understanding the flow of the project, and the ability
to describe the concepts of metagenomics, microbial diversity and phylogeny in detail. The data
in Fig. 3D show that 90% of the students earned at least 1 out of 2 on the rubric, with 65%
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meeting both criteria. Samples of feedback received from students on a post-class questionnaire
as well as additional outcomes and impacts on student success are provided in Appendix III.1B.
4.5.3

Possible Modifications
At GSU, Molecular Microbial Metagenomics is a 14-week semester-long course.

However, this course can be adapted as a module for Microbiology labs or as part of a minisemester. To condense the course in fewer weeks, the project can be concluded after the
bioinformatics analysis of the 16S rRNA gene sequence in week 10 and collecting the lab report.
Additionally, depending on the time and pace of the classroom, some experiments may be
combined and media/reagents may be provided by instructors.
Though this course was initially designed for upper division biology majors, it can
accommodate lower division students as well as other science majors by supplying sufficient
background information on microbial diversity and demonstrating basic techniques. This course
may also be advantageous for master degree students of biology, who are seeking to gain handson research experience in the area of molecular microbiology and are interested in exploring
microbial diversity.
4.6
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Figure 4.1: Flow of Experiments in the Project and analysis of PCR-amplified DNA.
(A) A simplified flow chart of progression of experiments for identification of 16S rRNAcontaining clones from the metagenomic library by a step-wise process of elimination. + sign in
red indicates the presence of a positive 16S-contianing clone in the batch. (B) A flow chart
showing experimental steps corresponding to each blue asterisk marked in panel A.
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Figure 4.2: Learning gains evident from pre-/post-class surveys given during the Summer
Pilot Program.
A pre-class survey (Appendix III) was given on the first day of the program to test knowledge of
the topics related to the course. The same survey was provided to the students at the end of the
program. The surveys were completed by 5 students and were evaluated on accuracy as well as
the extent of knowledge displayed. Blue, pre-class survey; red, post-class survey.
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Figure 4.3: Learning assessment from semester-long courses.
Assessment of learning gain from two courses with a total of 16 students. (A) Average scores in
all areas of assessment (1-6) and the overall course grade for two semesters (7). (B) Assessment
of the selected quiz questions (provided in Appendix IV.1).

(C) Detailed assessment of the lab

reports: 1, writing style follows scientific paper; 2, abstract summarizes purpose of the project;
3, introduction includes appropriate content; 4, method section provides concise narrative; 5,
results include rationale and summary of experiments; 6, figures and tables included in results; 7,
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discussion includes analysis of results. (D) Overall assessment of the lab reports using a 2-point
rubric; i) understanding flow of the project, and ii) understanding central concepts.
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Table 4.1: Learning objectives and the corresponding methods of assessment for the semesterlong course.

Learning Objectives

Assessment Methods

Average
Scores

Materials Provided

1. Define and demonstrate
understanding of microbial
diversity and molecular

Quiz

phylogeny

(Students were graded

2. Compare and contrast

individually)

84.5

Appendix IV.1 – Examples of
Quiz Questions and Answers

traditional and
metagenomics approaches
3. Gain knowledge and

Participation /

demonstrate ability to

Attendance

perform molecular biology

(Students were graded

techniques

individually)

Appendix II.3 – Grading
95.5

Rubric for Attendance and
Participation
Appendix II.3 – Grading
Rubric for Lab Notebook

Lab Notebook
4. Record and interpret
observations

Checks
(Students were graded
individually)

Appendix III.3 – Guide for
89

maintaining Lab Notebook
Appendix IV.5 – Partial
Sample of Student’s Lab
Notebook
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5. Use bioinformatics tools
to determine phylogenetic

Appendix II.3 – Grading

relationships

Rubric for Lab Report

6. Develop analytical and
critical thinking skills
through synthesis of

Lab Report
(Students were graded

89.5

individually)

Appendix III.2 – Guide for
Preparing Lab Report
Appendix IV.3 & IV.4 –
Student Lab Report I & II

information and
communication of findings

Appendix II.3 – Grading

Exercises / Class
7. Design primer and
follow-up experiments

Rubric for

Assignments
(Students were graded

90

individually or as part

engage in discussion of
scientific literature

of Student Work
Appendix II.3 – Grading

Literature Paper
Discussion
(Students were graded
as part of the group)

Appendix IV.2 – Experimental
Design Exercise and Sample

of the group)

8. Critically analyze and

exercises/assignments

92

Rubric for Class Discussions
Appendix II.2 – Suggested
Reading Material
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5

GENERAL CONCLUSION

Multidrug resistance poses a serious threat to public health.

Understanding the

mechanisms of multidrug resistance will aid in treatment of infectious diseases and
chemotherapy of cancer. Multidrug transporters involved in conferring resistance are able to
recognize structurally unrelated molecules [1].

This poses a major challenge to our

understanding of how these pumps can bind and export multiple drugs. The best understood
example of an MDR system is the ABC protein P-glycoprotein (Pgp), which can carry out efflux
of hundreds of different substrates and is the major cause for failure of chemotherapy in cancer
cells [1]. Pgp is a large energy-dependent efflux pump with both nucleotide and drug binding
domains fused together in one protein [1], which poses additional challenges in assessing
coupling of energy transduction and drug transport to elucidate the nature of MDR.

The

prototype multidrug transporter DrrAB found in S. peucetius can aid in understanding the basis
of multidrug recognition and inter-domain communication to carry out drug transport. In this
system, DrrA contains the nucleotide binding domain, and DrrB subunit forms the conduit for
drugs [15]. Together, the DrrAB system confers resistance to Dox and Dnr in the producer
organism, but this system can recognize and efflux multiple MDR substrates under laboratory
conditions [21]. Previous biochemical and mutagenesis analysis of DrrB showed that it contains
a large and flexible drug-binding pocket lined by hydrophobic and aromatic residues, as seen in
Pgp [25]. These previous studies provided important insights about the nature of the DrrAB
pump and into the basis for multispecific drug recognition, however they did not provide an
understanding of drug binding (including binding affinities and number of binding sites, etc.) to
the DrrAB complex. The goal of the present study was to build on our previous knowledge of
drug recognition by DrrAB and to unravel the signal transduction pathway between the NBD
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(DrrA) and the TMD (DrrB). We used fluorescence-based approaches, including intrinsic Trp
fluorescence and an extrinsic cysteine-based fluorescent probe, to understand substrate binding
to purified DrrAB and to elucidate how substrate-induced conformational changes may be
transduced between DrrA and DrrB. Both intrinsic and extrinsic fluorescent probes are highly
sensitive reporters of the environmental changes surrounding the probe and have been previously
used to gain insights into the function of other ABC proteins [26-29, 40]. Moreover, intrinsic
Trp fluorescence approach also offers the advantage of analyzing unmodified proteins, while
IAANS allows targeting of specific regions within the protein to determine localized
conformational changes resulting from binding of drugs or nucleotides [40].
Using these approaches, we were able to determine binding affinities of various MDR
drugs as well as the number of binding sites, providing further insights into the drug binding
pocket of DrrB. These approaches also allowed differentiation between specific and nonspecific
binding of drugs. Of the ten drugs tested, seven showed specific binding to DrrB (including
Dox, H33342 Rho B, rifampicin, vinblastine, verapamil and EB), while colchicine, quinine, and
quinidine showed nonspecific binding. The results reported here are largely consistent with
previous efflux and resistance analysis [21, 25], although some difference are also observed. It
was previously shown that Rho B does not inhibit Dox efflux by DrrAB [21], however this study
showed specific high-affinity binding of Rho B to this complex. Since Dox efflux inhibition
assay focused on the Dox binding site(s), it did not allow characterization of independent drug
binding sites. Therefore, it is possible that both Dox and Rho B fit into the common drug
binding pocket of DrrB simultaneously. This could lead to uninhibited efflux of Dox in the
presence of Rho B, suggesting that Dox and Rho B binding occurs to independent, noninteracting sites within the pocket. These results emphasize the necessity of substrate binding
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analysis as a complimentary approach to understanding substrate recognition by the DrrAB
pump in addition to our previous knowledge of drug resistance and efflux. However, the
analysis of ten drugs undertaken in this study so far provides only a partial picture of substrate
binding to DrrB, with many unanswered questions about multidrug binding to this transporter.
The optimized method developed in this work can be utilized in the future to gain a complete
understanding of the range of substrates recognized by DrrAB by testing additional drugs, lipids,
and other MDR substrates.
Analysis of nucleotide binding to DrrAB was also carried out in this work. Surprisingly,
two significantly different nucleotide binding affinities were found for each nucleotide, which
suggested that the two sites in DrrA behave in an asymmetric fashion. Evidence of asymmetric
binding of ATP to DrrA was provided by both intrinsic Trp and extrinsic IAANS fluorescence
approaches. This asymmetry was further accentuated by the Walker A (K47R/M) and A-loop
(Y18A) mutations. Interestingly, these mutants showed similar binding affinities for ATP to the
high affinity site (site 1) as compared to wild type DrrA, but a significant decrease in affinity for
the low affinity site (site 2). Moreover, ATP, ADP and AMP binding affinities for site 1 of wild
type DrrA were found to be comparable, however site 2 showed about 2.5-fold lower affinity for
ADP and AMP compared to ATP. These results indicate that the two nucleotide binding sites
may play a different role in function. Furthermore, it may be suggested that nucleotides can bind
quickly to site 1 (high affinity site), but binding to site 2 (low affinity site) is more selective and
thus critical for the function of DrrA. Structural and functional asymmetry in the two consensus
NBDs has also been reported in Pgp [41-44] and other homodimeric ABC proteins [45-48].
However, the mechanism by which this asymmetry is created is not currently understood. In
DrrAB, it may be the result of particular association between two subunits of DrrA or their
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interaction with DrrB.
Using a single substrate with fluorescence-based approaches allowed determination of
binding affinities for different drugs and nucleotides tested in this study. Next, dual titrations
were carried out with nucleotide and drugs, which allowed determination of the effect of
sequential binding of ATP and Dox (or vinblastine), and vice versa. Our data show that Dox and
vinblastine binding affinities were significantly reduced for both the high and low affinity
binding sites for DrrAB pre-bound with ATP. This provided the first evidence of interdomain
communication between DrrA and DrrB. Moreover, reduction in drug binding affinities also
indicates that ATP binding may act as a power stroke resulting in switching of DrrB
conformation from inward- to outward-facing for drug release. For a better comprehension of
communication between the two subunits, an extrinsic IAANS fluorescent probe was selectively
bound to one of three regions of DrrAB, which are believed to be involved in crosstalk between
DrrA and DrrB [18, 19]. These regions include the Q-loop motif in the NBD and CREEM motif
in the CTD of DrrA as well as the EAA-like motif in the N-terminus of DrrB. The effect of both
Dox and ATP binding on the conformation of these regions was evaluated. The data revealed
that the conformational changes resulting from Dox binding to DrrB were reported to the same
extent by the NBD and CTD of DrrA. ATP binding to the NBD of DrrA was reported by both
CTD of DrrA and by DrrB, but surprisingly not to the full extent as seen for Dox. ATP binding
reported by Y89C in the NBD produced two binding affinities (a high affinity Kd1 and a low
affinity Kd2). Interestingly, only the high affinity Kd was reported by S319C in the CTD of DrrA
and by S23C in DrrB, which suggests that the CREEM motif in the extreme C-terminus of DrrA
and the EAA-like motif in the N-terminus of DrrB are in contact, as previously shown through
crosslinking analysis [19]. As previously proposed, the CREEM and the EAA-like motifs are in
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contact during the resting state, which may be necessary for localization and biogenesis of the
complex in the membrane [19]. During drug transport, however, EAA-like motif disassociates
from the CREEM motif and instead interacts with the Q-loop motif in the NBD of DrrA [19].
What triggers DrrB in switching from interacting with the CTD to interacting with the NBD of
DrrA is not understood, however the asymmetric binding of ATP by the NBD may play a role in
generating this switch in interaction. In a model shown in Fig. 5.1 we propose that binding of
ATP to the high affinity site in the NBD may trigger disassociation of DrrB from CTD of DrrA
and promote interaction of DrrB with the NBD of DrrA. In the next step, binding of ATP to the
more selective low affinity site may then cause alternating between inward- to outward-facing
conformation, resulting in switching between high- to low-affinity for drugs in DrrB to promote
drug release. This model highlights the proposed roles of these three motifs, however the
signaling pathway in coupling energy transduction and export of drugs by DrrAB may include a
cascade involving other conserved regions of DrrA.
A novel highly conserved GATE motif was also identified in this work, which may
participate in the energy transduction pathway from the NBD of DrrA to DrrB. The work in this
dissertation shows that GATE participates in both ATP binding and hydrolysis. We propose that
the glycine-loop in GATE (specifically residue G215) directly interacts with the Walker A motif
and senses conformational changes resulting from ATP binding to the NBD. This is evidenced
by structural analysis showing comparable movement of the Walker A and the glycine-loop upon
ATP binding. This suggests that the GATE motif may participate in forming the ATP binding
pocket. Additionally, GATE may also play a role in catalysis by arranging the switch motif in a
position to assist in ATP hydrolysis. This is shown by modeling analysis of K227R mutation,
which prevented interaction between the switch motif and the γ-phosphate of ATP.
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Fluorescence-based approaches optimized in Chapter I will be used in the future to further
characterize the function of this motif by analyzing substrate-induced conformational changes of
GATE. Previous unpublished cross-linking data from this laboratory showed that GATE does
not directly interact with the EAA-like motif in DrrB.

K227 residue in GATE, however,

interacts with S319 in the CREEM motif in DrrA, as evidenced by structural analysis.
Furthermore, K to R mutation in this residue prevented hydrogen bond formation between K227S319, suggesting that GATE may participate in the energy transduction pathway resulting from
ATP binding to the binding pocket through a K227-S319-S23 cascade. Additionally, mutations
in residues L205 and L226 in GATE showed reduced ATPase activity, but increased Dox
transport activity, which suggests that the L to V mutations in these residues lead to better
communication between DrrA and DrrB.

Cysteine-based IAANS fluorescence analysis of

GATE may provide further illumination of the role of GATE in inter-domain communication
between DrrA and DrrB.
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Figure 5.1: A proposed model for Dox efflux by the DrrAB transporter.
Based on the present work and the known models for ABC exporters, an updated model is
presented for the function of DrrAB [49]. It is proposed that the catalytic cycle of DrrAB goes
through four major conformations. In the resting state of the DrrAB complex, the EAA-like
motif of DrrB is in contact with the CREEM motif of DrrA, as shown previously [19] and further
supported by the data presented in this study. In this state, the NBDs in DrrA are separated, and
DrrB is in the inward-facing conformation (Conf. I). Binding of Dox to DrrB, which is
communicated to the NBD, may trigger binding of ATP to the high affinity site 1 of DrrA (Conf.
IIa). The associated conformational changes in the NBD are then relayed through the CTD of
DrrA to the N terminus of DrrB (reported as a single high-affinity Kd for ATP binding). This
triggers DrrB to switch its interaction from the CREEM motif to the Q-loop motif (Conf. IIb).
This is followed by filling of the low affinity ATP binding site 2, which is reported as the
additional low-affinity Kd from Y89C-IAANS. Filling of site 2 with ATP results in formation of
the NBD closed dimer, which acts as a power-stroke switching the conformation of TMDs from
inward-facing to outward-facing (Conf. III). Hydrolysis of ATP (Conf. IV) then resets DrrB back
to inward-facing state for the next cycle, followed by separation of the NBDs to return to the
resting state of the DrrAB complex.
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APPENDICES
Appendix A: Sequence alignment for ABC transporter primer design.

Protein and DNA sequence alignment of three conserved motifs from diverse ABC proteins. (A)
Protein sequence alignment. (B) DNA sequence alignment. (C) DNA sequence alignment of four
ABC proteins used to design ABC transporter primers.
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Appendix B: ABC transporter gene primers.
Up primer: 5’-TSG GRC CSW MNG GCN SGG NAA RTC-3’ Tm: 67.2°C; GC: 66.7%
Down primer 1: 5’-CNT CKW CSW YYT MNT GSG TNN CGT-3’ Tm: 60.7°C; GC: 54.2%
Down primer 2: 5’-ACC RCK AYN YGT YKG CCA G-3’ Tm: 59.1°C; GC: 60.5%
Expected sizes: up + down 1 primers = 484 bp; up + down 2 primers = 514 bp.

PCR amplification was carried out with the following conditions:
Steps

Time

Temperature

Cycles

Initial denaturation

5 min

95°C

-

Denaturation

40 sec

96°C

32

Hybridization

30 sec

52°C

32

Elongation

45 sec

72°C

32

Extension

10 min

72°C

-

The PCR reaction included the following:
Components

Final Concentration

10x Taq Buffer

1x

10 mM dNTP

0.8 mM (200 μM of each)

50 mM PCR MgSO4

2 mM

50x PCR BSA

1x

20 μM Up Primer:

1 μM

20 μM Down Primer

1 μM

DNA template

100 ng approximately

Taq Polymerase

2.5U
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Appendix C: PCR amplification using ABC primers.

(A) PCR amplification of control DNA. 1, drrA from S. peucetius (up + down 1 primers); 2, drrA
from S. peucetius (up + down 2 primers); 3, drrA -MTB from M. tuberculosis (up + down 1
primers); 4, drrA-MTB from M. tuberculosis (up + down 2 primers). (B) PCR amplification of
metagenomic library. +, drrA-MTB from M. tuberculosis (up + down 2 primers); 1, batch 1; 2,
batch 2; 3, batch 3. Each batch contains 50 colonies. M, DNA marker in kbp; * sent for
sequencing.

Appendix D: Bioinformatics analysis of ABC transporter genes from batches 1, 2, 3 using
NCBI BLAST.
Sequence Description

Query Coverage

Max Identity

E. coli maltose gene

84%

98%

S. flexneri complete genome

93%

98%

S. enterica subsp. enterica serovar Typhi genome

82%

85%

C. equisetifolia hypothetical protein mRNA

50%

98%

C. sativus MalK-like mRNA

76%

85%
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Appendix E: Universal Archaeal-specific 16S rRNA gene primers:
A109F primer: 5’-ACK GCT CAG TAA CAC GT-3’ Tm: 50.5°C; GC: 47.1% [37]
A934 primer: 5’-GTG CTC CCC CGC CAA TTC CT-3’ Tm: 73.3°C; GC: 65% [38]
PCR reaction and conditions same as Appendix B.

Appendix F: Identification of 16S rRNA gene-containing clones from the soil metagenomic
library.

Metagenomic DNA was isolated from 5 batches of 100 clones each and PCR-amplified using
universal primers described in Appendix A.5. (A) Agarose gel electrophoresis of PCR products
from 5 batches.

PCR reactions without DNA template and with genomic DNA from

Methanosarcina barkeri (provided by Dr. Kuki Chen in the Department of Biology at GSU)
served as negative and positive controls, respectively. (B) Batch 5 (highlighted in yellow in
panel A) was divided into 10 groups, each containing 10 colonies. PCR amplification was carried
out for each group. The DNA amplified from the pooled batch 5 served as a positive control on
the gel.

(C) Group 61-70 was separated into 10 separate colonies, followed by PCR-

amplification of DNA from each. DNA amplified from the group 61-70 served as a positive
control on the gel.
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Appendix G: Bioinformatics analysis of 16S rRNA gene from clones 61, 69, and 70 from
batch 5 using Ribosomal Database Project (RDP) Classifier.

Clone 61
Confidence
Score (%)
Clone 69
Confidence
Score (%)
Clone 70
Confidence
Score (%)

Domain

Phylum

Class

Order

Family

Genus

Archaea

Crenarchaeota

Thermoprotei

Thermoproteales

Thermoproteaceae

Thermocladium

71

54

54

18

18

13

Archaea

Crenarchaeota

Thermoprotei

Fervidicoccales

Fervidicoccaceae

Fervidicoccus

100

90

90

54

54

54

Archaea

Crenarchaeota

Thermoprotei

Acidilobales

Caldisphaeraceae

Caldisphaera

55

28

28

24

24

24

Appendix H: A simple phylogenetic tree comparing 16S sequences amplified from clone 61,
69, and 70 to 16S of organisms from the three genera suggested by RDP classifier.

The cladogram was developed using partial 16S rRNA gene sequences of three metagenomics
clones and 16S sequences of organisms from the genus Thermocladium, Fervidicoccus, and
Caldisphaera available in the NCBI BLAST database.

